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1 Introduction 
1.1  Structure of this thesis 
The present thesis studies the mechanism of the microtubule motor protein kinesin 
using different biochemical and biophysical approaches. It is divided into five parts, 
each presenting one publication-style chapter focussing on one specific approach. 
The first chapter gives a general introduction into the kinesin-family of motor proteins, 
as well as on the techniques used in this thesis. Chapter 2 compares a processive 
and a non-processive kinesin, chapter 3 elucidates the primary mechanical event 
leading to motility in conventional kinesins (Kinesin-1 subfamily). Chapter 4 presents 
a biophysical study aimed at measuring the ATP turnover with microscopic methods, 
chapter 5 investigates the basis of defective kinesins found in spastic paraplegia 
patients. These studies thus address the mechanism of kinesin at a molecular level, 
using wildtype and mutant motor proteins, as well as in vitro assays for kinesin’s 
gliding and enzymatic activity. 
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1.2  Intracellular transport 
Cell motility is one of the major achievements in evolution. Primitive cells were 
probably immobile, floating in the primordial soup. The innovation of directed 
intracellular motion allowed cell motility. The possibility to alter the cell shape and 
subcellular structures like cilia enabled the cell to direct its movement. In multicellular 
organisms, migration of cells during development and in search of foreign organisms 
to the defend the host against infection are required for the organisms’ health. On the 
other hand, uncontrolled cell migration is a property of a malignant cancer cells. 
Not only migrating cells, but also stationary cells exhibit dramatic changes in their 
morphology. Striking examples are the contraction of muscle cells, the elongation of 
nerve axons or the constriction of a dividing cell during mitosis. But also more subtle 
movements within the cell are essential elements in growth and differentiation of cells 
– active separation of chromosomes, cytoplasmic streaming and transport of 
membrane vesicles. These internal movements are carefully controlled by the cell to 
take place at specific times and in particular locations. 
Many types of motility are based on ATP-hydrolysing enzymes that convert chemical 
energy into mechanical work. This conversion is accomplished by a special class of 
enzymes, so-called motor proteins. Together with the cytoskeleton, a cytoplasmic 
system of fibres, they are essential for intracellular transport and thus for cell motility. 
Three types of cytosolic fibres build the cytoskeleton: actin filaments (7 to 9 nm in 
diameter), intermediate filaments (10 nm in diameter) and microtubules (24 nm in 
diameter). These cytoskeletal fibres are well-ordered polymers built from small protein 
subunits held together by noncovalent bonds. (Lodish et al., 2000). The cytoskeleton 
plays a structural role by supporting the cell membrane and providing tracks along 
which organelles and other elements transported by molecular motors move. Due to 
their regulated, polar arrangements, cytoskeletal fibres can also produce movement 
by themselves without associated molecular motors. 
1.2.1 Axonal transport 
A highly sophisticated form of intracellular transport is axonal transport. In the human 
body axons can be up to one meter in length and numerous proteins, mRNA or even 
whole organelles, need to be brought from the neuronal cell body to the synapse 
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(Kandel et al., 1995). Insufficient supply of the synapse leads to neurodegeneration 
representing the origin of severe neuronal diseases.  
Transport in axons occurs in anterograde and in retrograde direction, and has two 
major components of distinct velocity, termed fast and slow components of axonal 
transport (Lasek, 1967). Anterograde transport going towards the cell periphery is 
driven by different kinesin motors (1.2.3), retrograde transport by dynein. Anterograde 
transport is responsible for supply of the synapse and maintenance of the structure, 
whereas retrograde transport collects metabolites and pieces of membranes for 
recycling in the cell body and delivers chemical messages. It is thought that vesicular 
cargoes are mainly delivered by fast axonal transport, slow axonal transport is 
associated with cytoskeletal and cytosolic proteins (Kandel et al., 1995). Recent 
findings suggest that slow and fast components of axonal transport are driven by the 
same molecular motors and that the difference in velocity is due to more frequent 
stops (Brown et al., 2005).  
1.2.2 Molecular motors 
Not only axonal transport, but also muscle contraction, meiosis and mitosis, organelle 
transport and almost every biological movement is driven by protein machines called 
molecular motors. These specialized proteins convert chemical energy or ion 
potentials into mechanical work. Despite this common feature they vary in their 
function and structure. Figure 1.1 illustrates the structure of three different 
representatives of cytoskeletal motors.  
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Figure 1.1 Representatives of cytoskeletal motors. 
Kinesin-1 and cytoplasmic dynein are shown here as representatives of microtubule 
binding motors. Myosin II represents an actin-based motor. All three motors have 
dimerised heavy chains. In the case of myosin and kinesin they are joined by an 
extended coiled-coil – the stalk, shown in blue. The motor domains contain the 
catalytic sites and are shown in yellow. The associated light chains are shown in 
purple. (from Woehlke and Schliwa, 2000) 
The three classes of motor proteins, namely myosins, kinesins and dyneins, use two 
types of cytoskeletal filaments as tracks. Myosins interact with actin filaments, 
whereas kinesins and dyneins interact with microtubules. Typically, these motors 
have a globular motor domain, also referred to as “head” domain. This catalytic head 
domain contains two crucial properties of a molecular motor: a site for ATP hydrolysis 
and a nucleotide-dependent binding site to the track. In many cases, the globular 
head is followed by an extended stalk, which dimerises via a coiled-coil structure to 
yield a double-headed molecular motor (Figure 1.1). The associated polypeptides 
(intermediate and light chains) differ largely for all three motor classes indicating a 
broad variety of functions (Woehlke and Schliwa, 2000). 
1.2.3 Kinesin 
After myosin and dynein, a third force-generating ATPase, which is involved in 
intracellular transport, was identified (Brady, 1985; Vale et al., 1985). Named after the 
Greek word kinein (to move), kinesin was found to transport axoplasmic organelles on 
microtubules. These first identified kinesins from brain tissues and from squid giant 
axons belong to the Kinesin-1 family (also conventional kinesin). In some higher 
vertebrates, one member of this family was found exclusively in neurons and is 
therefore named neuronal kinesin heavy chain (nKHC or KIF5A) (Niclas et al., 1994). 
- 4 - 
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All conventional and unconventional  kinesins share a high degree of sequence 
similarity in their motor domains, whereas all other parts are diverse (Vale and 
Fletterick, 1997). The motor domain is defined as the force-generating element of the 
protein and can be C- or N-terminal. In several kinesin families, two globular motor 
domains form dimers via a coiled-coil, usually termed neck. In addition to these two 
domains, many kinesin proteins contain a long coiled-coil domain termed stalk. 
Finally, there is often a globular domain at the C-terminus, termed tail domain. It 
usually has a regulatory function and binds to cargos or light chains.  
 
 
 
Figure 1.2 Domain organisation of conventional kinesin. 
The motor domain and the neck (yellow) are overlaid by the crystal structure. The 
stalk consists of coiled-coil structures and flexible regions, whereas the tail region is 
globular and binds to the cargo or light chains. (from Woehlke and Schliwa, 2000) 
The two heavy chains of conventional kinesin are twice as heavy as the two 
associated light chains (110-140 kD versus 60-80 kD) (Bloom et al., 1988; Kuznetsov 
et al., 1988). Only the heavy chains are required for kinesin´s motility, whereas the 
light chains have regulatory and cargo-binding function (Stenoien and Brady, 1997; 
Verhey et al., 1998). The domain organisation of heavy chains is shown schematically 
in Figure 1.2. At the N-terminus, ~320 amino acids form the motor domain. It contains 
the microtubule and nucleotide binding sites and its three-dimensional structure has 
been solved (Kull et al., 1996; Woehlke et al., 1997). The neck-linker joins the N-
terminal motor domain with the C-terminal coiled-coil neck. Depending on the bound 
nucleotide, the neck-linker adopts different positions relative to the catalytic core 
(Rice et al., 1999). The neck-domain and the approximately 50 nm long coiled-coil 
stalk domain are joined by a flexible hinge domain. The stalk is interrupted by a 
second flexible region, called the kink. The kink allows the molecule to bend in a way 
- 5 - 
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that the C-terminally globular tail domain comes close to the motor domain and 
inhibits its ATPase activity. If the tail binds a cargo directly or via light chains the 
inhibition is repealed (Adio et al., 2006; Seiler et al., 2000). 
1.2.4 The chemo-mechanical cycle 
The first identified kinesin (conventional kinesin, KIF5B, Kinesin-1 or uKHC) is the 
best studied member of the kinesin superfamily and is considered prototypic for the 
entire superfamily. Today, the chemo-mechanical cycle of kinesin is resolved in great 
detail and some key questions are still to be solved. Figure 1.3 shows a consensus 
kinetic model of the chemo-mechanical cycle (Cross, 2004; Valentine and Gilbert, 
2007). 
Conventional kinesin can walk distances up to 1 µm along microtubules without 
detaching (Howard et al., 1989). This phenomenon is called processivity and as a 
consequence, at least one head of the dimeric motor always remains attached to the 
microtubule. Each step is coupled to the hydrolysis of one ATP molecule (Hua et al., 
1997; Schnitzer and Block, 1997). With each step the center of the molecule is 
displaced 8 nm along the microtubule, representing the distance between adjacent 
tubulin dimers (Svoboda et al., 1993). A prerequisite for processive movement is the 
precise coordination of the chemo-mechanical cycles of both heads. A commonly 
accepted model is the “hand-over-hand” model (Asbury et al., 2003; Kaseda et al., 
2003; Schief et al., 2004; Yildiz et al., 2004) (Figure 1.3). Here, one head passes the 
other and binds to the next microtubule binding site. Therefore, one head takes a 16 
nm step, but the centre of mass is displaced 8 nm per step. During one cycle the 
heads switch between strong and weak microtubule binding states in a nucleotide-
dependent manner (Gilbert et al., 1998; Hackney, 1994; Ma and Taylor, 1997). 
In solution, a kinesin dimer contains one ADP per head. Upon microtubule binding, 
only one head locks onto the microtubule and loses its ADP. If ATP is bound to this 
head, the neck-linker docks (Rice et al., 1999) and brings the second head into a 
favourable position to bind the next microtubule binding site. Microtubule binding 
takes place after the ADP release (Sablin and Fletterick, 2001). In this intermediate 
state, both heads are bound to adjacent tubulin binding sites. The rear head 
hydrolyses the nucleotide and after the release of inorganic phosphate it detaches 
from the microtubule while the other head holds on. At this point, the heads have 
exchanged their roles and a new chemo-mechanical cycle starts.  
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Figure 1.3 Chemo-mechanical cycle of Kinesin-1 
This sequence of events summarises the chemo-mechanical cycle of one kinesin 
head (see text for details). Kinesin is shown in black/grey; microtubules in blue; 
abbreviations for nucleotides bound to kinesin heads: ATP (T); ADP (D); phosphate 
(P); no nucleotide (NN) 
This is a somewhat oversimplified model, however, as many aspects like force, strain 
or conformational changes are not taken into account. Most of the data is obtained 
from pre-steady state kinetics and bulk experiments, where the values are averaged 
over many molecules without evaluating the quality of single ones (e.g. dead motors). 
Recently developed techniques allow to measure speeds, forces and kinetics of 
single molecules. A variety of these techniques was employed in this thesis and will 
be described in the next section. 
- 7 - 
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1.3  Optical techniques 
To overcome the boundaries of temporal and spatial resolution is the major driving 
force for the development of highly sophisticated optical techniques. The limit of 
spatial resolution of a light microscope is set by the wavelength of visible light. The 
best resolution one can get with a conventional light microscope is to distinguish 
objects, which are 0.2 µm apart. Due to this fact it is hard to image subcellular 
structures and various approaches like electron microscopy have been developed to 
overcome this restriction. 
Until today, we are not at the limit of all four dimensions (time and space), although it 
is possible to image single molecules with a sub-millisecond time resolution 
(Verbrugge et al., 2007). A big step towards higher spatial resolution was the 
invention of fluorescent dyes (Coons and Kaplan, 1950). Here, it is possible to 
illuminate only the subject of interest by labelling it with a fluorescent dye, which is 
then purposely exited and detected with a microscope. Depending on the 
requirements different fluorescent microscopes can be used (Figure 1.4). The basic 
epifluorescence microscope illuminates the whole sample and reduces the 
background only by using an emission filter.  
 
Figure 1.4 Different types of fluorescent microscopes. 
Based on an epifluorescent microscope (c), the resolution can be improved by 
minimising the excitation volume. The most popular one is the confocal microscope 
(a), where the excitation volume is reduced to a single spot, which allows scanning the 
sample in three dimensions and rebuilding the pictures digitally. Another approach is 
called “Total Internal Reflection Fluorescence” or TIRF microscopy (b), where the 
excitation volume is only a thin layer. The reduction of the excitation volume leads to 
less unspecific background fluorescence and therefore to a better resolution of the 
specific fluorescent signal. (from Haustein and Schwille, 2004) 
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1.3.1 TIRF microscopy 
TIRF microscopy uses the emerging evanescent wave due to the reflection of a laser 
beam at the glass-water boundary. 
The incident laser beam is directed in a supercritical angle to the glass surface, where 
it is reflected (Figure 1.5). For the reflection it is necessary that the immersion oil has 
a similar refractive index as the glass and that the medium of the sample has a lower 
refractive index than the glass. With these two prerequisites the only possible area of 
reflection is the glass-water boundary. Due to the reflection an evanescent wave 
emerges and penetrates the sample, but its intensity decays exponentially with the 
distance to the glass-water boundary. Therefore the evanescent wave can only excite 
fluorophores at close proximity to the glass surface. Depending on the angle, the 
refractive indices and the wavelength of the laser beam, the excited layer is between 
70 and 300 nm deep and usually 150-200 nm (Schneckenburger, 2005). 
 
 
Figure 1.5 Principle of TIRF microscopy. 
The incident laser is directed in a supercritical angel to the glass-water boundary, 
where it is reflected. The intensity of the emerging evanescent wave decays 
exponentially with the depth. The refractive index of the culture medium n2 has to be 
smaller than the refractive index of the glass and immersion oil n1. (from Sako and 
Uyemura, 2002) 
This exciting layer is fixed to the surface and can not be moved in the third dimension, 
but allows 2D imaging at high time resolution and low background. These properties 
are used to image specifically adhesion structures of cells or anything else occurring 
only at the glass surface. 
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TIRF microscopes are usually available as a prism-type TIRF or an objective-type 
TIRF. They differ in the way how the incident laser beam is brought to the 
supercritical angel. The prism-type TIRF directs the laser through a prism, where it is 
broken in the right angle to reflect at the glass surface. In this microscope the 
excitation and emission path is separated and there is no access to the sample during 
imaging.  
The objective-type TIRF directs the incident laser through an objective with a 
numerical aperture higher than 1.38 N.A. (Sako and Uyemura, 2002). This is 
important, because the laser passes the objective off-axis and is refracted by the lens 
of the objective. The higher the numerical aperture, the stronger the refraction and 
only a strong refraction can bring the laser beam into a supercritical angel (Figure 
1.6). 
 
 
Figure 1.6 Objective-type TIRF microscope. 
The incident laser beam is directed through the objective off-axis. Therefore it is 
refracted by the high numerical aperture lens and brought into a supercritical angel to 
the glass-water boundary. The reflected laser beams back through the objective to the 
dichroic mirror, which blocks the detection part from excitation light. The evanescent 
wave emerges from the glass water-boundary and excites a thin layer of the sample. 
(from Sako and Uyemura, 2002) 
The advantage of this type of TIRF microscope is that the excitation and emission 
path is on the same side of the microscope and the sample is accessible during 
imaging, e.g. for changing the medium or adding reagents. 
In this thesis an objective-type TIRF was used to reduce the background in 
microscopic assays and allowed to image single kinesins, site specific labelled with a 
fluorophore. 
- 10 - 
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1.3.2 Confocal microscopy 
Another approach to enhance resolution involves a confocal microscope (Egger and 
Petran, 1967). Here, the excitation volume is reduced to a small spot, which 
originates from a focussed laser beam. In a conventional confocal microscope a 
scanning device can position this spot in three dimensions. A photomultiplier detects 
the intensity of fluorescence in the spot and after scanning a special region in the 
sample the image can be assembled digitally. In front of the photomultiplier a pinhole 
cuts off emission light from regions out of focus. The special confocal microscope 
used in this thesis was build by Sander Verbrugge from the Vrije Universiteit in 
Amsterdam ((Verbrugge et al., 2007);Figure 1.7). Here, the scanning device does not 
move the confocal spot, but the sample with a scanning table. Therefore, the spot is 
very stable and well defined. This setup was built to measure the change of 
fluorescence intensity in one spot over time rather than to scan whole images. 
The emission light is detected by a highly sensitive single-photon-counting avalanche 
photodiode. Such a detector counts the time between photon arrivals with 
nanosecond accuracy. The number of photons arrived within a defined time (binning 
time) is summed up and displayed on the screen. Thus, change of intensity in the 
spot is detected while the measurement ongoing.  
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Figure 1.7 Confocal setup at the VU Amsterdam. 
This confocal setup was build by Sander Verbrugge (Verbrugge et al., 2007) at the 
Vrije Universiteit Amsterdam. The excitation part (red circle) is open and can be fine-
tuned during measurements. The emission part (green circle) is shielded from light. 
The sample holder and scanner are constructed into a Nikon microscope corpus. 
In the present thesis this techniques was used to measure intensity fluctuations of a 
fluorophore-labelled kinesin stepping through the spot. The intensity fluctuations were 
due to “Förster-Resonance-Energy-Transfer” or FRET, which is explained in more 
detail in the next subsection. 
1.3.3 FRET 
FRET is a technique used in fluorescent microscopy or spectroscopy to elucidate the 
interaction of two molecules. The prerequisites for FRET are a donor fluorophore with 
an emission spectrum that overlaps with the absorption spectrum of an acceptor 
fluorophore, and a close proximity of donor and acceptor dye ((Lakowicz, 1999); 
Figure 1.8).  
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Figure 1.8 Overlapping spectra of donor and acceptor fluorophores. 
The excitation (dashed lines) and emission (solid lines) spectra of Alexa555 and 
Alexa647 fluorophores as an example of a FRET pair. The overlap of the emission 
spectra of the donor (Alexa555, blue) and the excitation spectra of the acceptor 
(Alexa647, green) is hatched in grey. The integral of this overlap is deciding for the 
Förster radius R0. (Spectra from Invitrogen SpectraViewer) 
The efficiency of the energy transfer from one donor to the acceptor is described by 
the Förster equations, which is dependent on the Förster radius (R0) (Förster, 1948) 
equation(1)). 
 
(1)   
 
The Förster radius is the distance at which the efficiency is 50% and is usually 1 to 10 
nm. Depending on the overlapping integral of the two spectras the Förster radius is 
specific for every FRET pair. Common FRET pairs are Cy2 and Cy3, YFP and GFP or 
GFP and rhodamine. 
The protein of interest can be tagged N- or C-terminally, and co-expressed with the 
fluorescent proteins (YFP, GFP etc.). This makes labelling procedures unnecessary 
and ensures a one to one labelling stoichiometry. The disadvantages are the poor 
spectroscopic properties of these fluorescent proteins, in particular low quantum yield 
and blinking. Therefore it is recommended to use organic dyes that are more stable 
and have high quantum yields. This is especially important for single molecule 
applications.  
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For the detection of FRET always the donor is excited and the emission of the donor, 
the acceptor or both can be measured. In case of donor emission, the fluorescent 
intensity decays if FRET occurs. On the other hand, if the acceptor emission is 
measured it is enhanced as soon as the energy is transferred from the donor (Figure 
1.9). 
 
 
 
Figure 1.9 Principle of FRET 
The protein is labelled with the donor fluorophore (green) and the nucleotide is 
labelled with the acceptor fluorophore (red). The donor is excited directly with a laser 
beam. If the nucleotide binds to the protein, the two fluorophores come in close 
proximity to each other and the acceptor is excited via FRET.  
In this thesis FRET was used to measure the binding time of fluorescent ATP to the 
site specific labelled kinesin. The energy transfer was measured in bulk in a 
fluorimeter and on single molecules in a confocal setup. 
1.3.4 Optical tweezers 
Optical tweezers, also known as optical traps, are instruments that are usually 
implemented in a conventional light microscope. This instrument allows manipulating 
small colloidal particles with a strongly focussed laser beam. Since its invention by 
Arthur Ashkin (1986), optical traps are broadly used in medicine and science. They 
allow the direct manipulation of viruses and cells as well as cell compartments in 
living cells (Ashkin and Dziedzic, 1987; Sheetz and Kuo, 1993) without destroying the 
examined biological system. With optical tweezers it was possible to measure the 
force producing properties of single molecular motors for the first time by adsorbing 
them at low densities to dielectric microspheres, which were then manipulated by the 
tweezer (Block et al., 1990),Figure 1.10).  
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Figure 1.10 Kinesin in an optical trap. 
The polystyrene bead (grey) with attached kinesin molecule (black) is trapped in the 
focussed laser beam (red). Brought in contact with the microtubule (blue) the kinesin 
starts to walk along its track and pulls the bead out of the trap. The back pulling force 
is directly proportional to the displacement of the bead. 
The possibility to measure forces between one and several hundred piconewton and 
to detect movements on sub-nanometer scales makes optical tweezers a perfect 
instrument for investigating force generating proteins, like kinesin. The optical 
tweezers used in this thesis were built by Dr. Anabel Clemen and later on supervised 
by Dr. Johann Jaud from the Physik Department, Lehrstuhl E22 für Biophysik, 
Technische Universität München. The motor protein is adsorbed to a polystyrol bead, 
which can be trapped and manipulated with optical tweezers. After trapping, the bead  
is brought to surface-attached microtubules, where kinesins can bind and start to walk 
(Figure 1.10.) The microtubules are labelled with fluorophores and can be detected 
with a coupled fluorescent microscope.  
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1.4  Outline of the present thesis 
This thesis consists of a collection of published and submitted research articles. They 
all have one common theme: the biochemical and biophysical properties of kinesin 
motors. The methods used in this present work vary from kinetic ensemble to single-
molecule measurements and focus on fundamental properties of human and fungal, 
processive and non-processive kinesins. 
Chapter 2 deals with questions about processivity. What makes a motor 
processive? What are the structural determinants? And is it possible to transfer them 
to an unprocessive motor? To investigate these questions the dimeric but 
unprocessive motor NKin3 from the filamentous fungus Neurospora crassa was 
compared with its processive counterpart NcKin. The processivity of chimaeras with 
swapped motor domains were examined in various in vitro assays. A meaningful 
assay to determine the processivity is the filament-gliding assay. But the average 
runlength can only be determined in single-molecule assays, which were performed in 
a TIRF microscope. 
Chapter 3 addresses the consequences of neck-linker docking in the chemo-
mechanical cycle. The neck-linker docking is essential for the functionality of kinesin 
(Rice et al, 1999). But how does the neck-linker promote the stepping of the motor? 
This question was investigated with NcKin mutants possessing an artificial disulfide 
bridge between the neck-linker and the motor core. This disulfide bridge can be 
switched on or off reversibly by oxidation and reduction. These mutants have different 
properties depending on the particular position where the disulfide bridge formed. 
Apart from their filament-gliding activity, their affinity to microtubules is altered. This 
was investigated with a microtubule co-sedimentation assay. 
Chapter 4 describes the most challenging project of this thesis. The aim was to 
measure the binding times of single ATP molecules to a single kinesin while it is 
walking along a microtubule. The method of choice was FRET. Specially designed 
human kinesin constructs were labelled with a donor fluorophore next to the ATP 
binding site. ATP was labelled with an acceptor fluorophore. The occurrence of FRET 
was shown in a spectroscopic bulk experiment, measurements on a single molecule 
level were performed with a special confocal microscope in collaboration with the 
Vrije Universiteit Amsterdam. This setup is highly sensitive and measures with sub-
millisecond accuracy. 
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Chapter 5 characterises the defects of human neuronal kinesin (KIF5A) mutants 
linked to the neurodegenerative disease hereditary spastic paraplegia (HSP). 
Which properties are altered in these mutants in comparison to the wildtype protein? 
Why do patients develop the disease, although they still have one wildtype allel of the 
gene? To answer this question a novel cargo transportation assay was developed, 
where mixtures of heterodimeric and homodimeric kinesins work in concert. This 
mimics the axonal transport in heterozygous patients and gives an insight why this 
disease emerges.  
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2 Molecular determinants of processivity in 
kinesin 
2.1  Abstract 
The protein family of kinesins can be divided in processive and non-processive 
motors. Processive motors have the ability to move along microtubules in a stepwise 
fashion without detaching. Non-processive motors detach after every cycle of ATP 
hydrolysis. To find out which parts of kinesin are required for coupling of kinesin’s two 
motor heads, chimaeras with swapped domains of the processive Neurospora crassa 
kinesin (NcKin) and its non-processive counterpart NcKin3 were tested for their motile 
properties. The chimaera with the NcKin motor domain and the NcKin3 neck/stalk 
portion moved processively along microtubules although with a significantly 
decreased average runlength, suggesting a perturbing effect of the non-processive 
neck. The reverse chimaera containing motor domains of the non-processive kinesin 
NcKin3 was unable to perform processive movement, despite the presence of the 
Kinesin-1 neck coiled-coil. These observations suggest that determinants of 
processivity are in the motor core and that this processive movement is enhanced by 
the neck. The present thesis contributed the characterisation of multiple and single-
molecule motility assays to the study.  
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2.2  Introduction 
Conventional kinesin is the founding member of the kinesin superfamily and belongs 
to the class of Kinesin-1 motors (Lawrence et al., 2004; Vale et al., 1985). Its 
stepwise movement over long distances without detachment from the filament is one 
of its astonishing properties. This processive behaviour can be explained by the 
hand-over-hand model, which is now in principle commonly accepted (Hackney, 
1995; Ma and Taylor, 1997; Yildiz et al., 2004). Here, the movement is based on the 
alternated binding of the two motor heads to the following microtubule binding site. 
The rear head does not detach from the microtubule before the front head has bound 
tightly. This mechanism requires precisely coordinated microtubule affinities of the 
two motor domains. Otherwise, the motor would dissociate from the microtubule in 
between steps, or stick to the filaments when both motor domains are in a strong 
microtubule binding state (Crevel et al., 2004; Cross, 2004; Hackney, 1994; Howard 
et al., 1989). 
This remarkably fine-tuned coordination is supported by several structural and kinetic 
properties. Some models predict that intramolecular strain between leading and 
trailing head builds up and controls coordination (Guydosh and Block, 2006; Hancock 
and Howard, 1999; Rosenfeld et al., 2003). However, the size of this force is unclear 
and hard to measure, and thus the precise mechanism how strain is linked to motor 
kinetics is unknown.  
To locate structural determinants involved in processive head-head coordination, we 
made use of chimaeric kinesins of a processive, conventional Kinesin-1 motor, and a 
recently discovered dimeric Kinesin-3 motor that is not processive but also moves to 
the microtubule plus-end (Adio et al., 2006). This is in contrast to previous studies 
which investigated chimaeras with the non-processive, minus-end directed kinesin 
Ncd. These studies found, that the directionality is not determined by the motor 
domain, but it influences the processivity of the motor (Case et al., 1997; Henningsen 
and Schliwa, 1997; Hirose et al., 2000). The present question is, whether the 
processivity is also influenced if the motor domains have the same directionality and 
whether it is possible to transfer processivitv to a non-processive motor.  
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2.3  Results 
2.3.1 Design of chimaeras 
Chimaeras with swapped motor domains of the fungal kinesins NcKin and NcKin3 
served as experimental models for the present study (Figure 2.1). NcKin is a 
‘conventional’ processive Kinesin-1, whereas NcKin3 is a non-processive Kinesin-3 
(Adio et al., 2006; Jaud et al., 2006; Lakamper et al., 2003). One construct contained 
NcKin’s motor head attached to the neck of NcKin3 (Head1/Neck3). The reverse 
chimaera contained the motor head of NcKin3 joined with the neck of NcKin 
(Head3/Neck1). The fusion points were chosen between the neck-linker and the neck 
coiled-coil. We then asked which part of the motor was necessary and sufficient for 
processive movement. 
 
  
Figure 2.1 Design of chimeric kinesins.  
The motor domain and neck-linker of the processive Kinesin-1 motor (amino acids 1-
342) was connected to the coiled-coil and tail domain of the non-processive Kinesin-3 
motor (amino acids 428 to 558). This construct was named Head1/Neck3 chimaera. 
Vice versa, the Head3/Neck1 chimaera was generated by fusing the Kinesin-3 motor 
domain and linker region (amino acids 1-429) to the coiled coil of the NcKin protein 
(amino acids 340-433).  
2.3.2 Co-operative gliding behaviour 
In multi-motor gliding assays, motors were attached to the coverslip, and fluorescently 
labelled microtubules were transported over the surface. The velocity of microtubule 
transport is an indirect measurement for the velocity of the motors. In general, the 
coating density of motors on a coverslip influences the microtubule gliding velocity, 
and only in the special case of processive motors the velocity is independent of the 
motor density (Howard et al., 1989). While non-processive kinesins work in a 
cooperative manner, a single processive kinesin displaces microtubules at the same 
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speed as multiple kinesins. Thus, the dependence on the coating density is the first 
hint if a motor is processive or not. The Head1/Neck3 chimaera showed similar 
gliding velocities at high and low coating density to wildtype NcKin (1.48 ± 0.01 µm/s 
at 1.6 µM and 1.61 ± 0.03 µm/s at 0.3 µM). In contrast, gliding velocity of the NcKin3 
reference construct was accelerated at higher motor densities (Adio et al., 2006). The 
reverse chimaera Head3/Neck1 was not accelerated by higher motor coating 
densities. In fact, gliding velocity decreased from 0.58 ± 0.04 µm/s at low densities to 
0.45 ± 0.01 µm/s at high densities, indicating mutual hindrance of the motors.  
To further investigate the processivity of the kinesin mutants, we observed 
microtubule transport by a single motor. Therefore, the motor density was decreased 
to the point, where a microtubule can only be bound by one kinesin. Under these 
conditions the microtubule can pivot around its anchoring point during displacement 
and is never displaced further than its own length (Figure 2.2 A). The observation of 
this special behaviour provides strong evidence for processivity.  
 
 
Figure 2.2 Pivoting in the conventional gliding assay. 
(A) Attachment points of kinesins are indicated in red, moving direction of the 
microtubules with red arrows. If only one kinesin binds the microtubule, the direction of 
movement pivots around this point. (B) Gliding assay with Head1/Neck3 chimaera 
shows pivoting around one point. The microtublule is only displaced its own length. 
Scale bar 5 µm. 
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Both NcKin and the Head1/Neck3 chimaera showed characteristic pivoting behaviour 
(Figure 2.2 B), suggesting that they are processive enzymes. Pivoting at low motor 
densities was never observed for NcKin3 and the Head3/Neck1 chimaera. 
Additionally, microtubules moved further than their own length, indicating, that more 
than one kinesin is necessary to displace a microtubule. It is therefore most likely that 
NcKin3 and the Head3/Neck1 chimaera are non-processive motors. 
2.3.3 Single-molecule behaviour 
To directly prove processivity of the Head1/Neck3 chimaera, we tested the mutants 
along with wildtype references in single-molecule motility assays. Fluorescently 
labelled kinesin motors were observed over time in a TIRF-microscope to detect 
processive runs. Similar to the NcKin wildtype reference, the Head1/Neck3 mutant 
moved continuously along microtubules (Figure 2.3) at a velocity of 1.40 ± 0.03 µm/s 
(mean ± S.E.) and over distances of up to 3 µm (Table I, Figure 2.3).  
 
 
Figure 2.3 Single-molecule properties of the Head1/Neck3 chimaera.  
(A) Kymographs show displacements of a single fluorophore-labelled Head1/Neck3 
motors along the microtubule. (B) Wildtype NcKin was used as a control. Isolated 
chimeric motors performed processive runs on a microtubule with a velocity 
essentially identical to the average velocity under multiple motor conditions. Motors 
were observed for 5 sec with an integration time of 200 ms at an ATP concentration of 
20 µM.  
To quantify the extend of processivity, the runlength of the chimeric kinesins was 
measured. For that purpose the histogram containing the runlength of 74 individual 
motors was analysed by single exponential curve fitting. The runlength of the 
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Head1/Neck3 chimaera was 0.67 ± 0.13 µm which is 2-3-fold shorter than for wildtype 
NcKin (~1.8 µm, (Lakamper et al., 2003)) (Table I,Figure 2.4).  
 
Figure 2.4 Runlenght of the Head1/Neck3 chimeara. 
The runlenghts of the Head1/Neck3 chimaera was plotted in a histogram and fitted 
with an exponential decay (0.67 ± 0.13 µm). Short runlengths are probably 
underestimated due to limited time resolution (200 ms integration time).  
The reverse Head3/Neck1 chimaera never showed any processive runs under single 
molecule conditions. Together with the observations from multi-motor gliding assays 
we can state that this motor is non-processive. Our data show that the motor domain 
of processive NcKin is able to induce processive behaviour in otherwise non-
processive NcKin3. Conversely, the results show that the neck of NcKin3 is capable 
to join two kinesin motor domains in a way that promotes processive motility, albeit to 
reduced extent compared to the NcKin wildtype control. 
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Table I: Gliding velocities and runlengths of chimeric and wild type 
motors 
Construct 
Velocity [µm/s]  
(multi-motor) 
Velocity [µm/s] 
(single-molecule) 
Runlength [µm] 
(single-molecule) 
NcKin3 
(Adio et al., 2006) 0.52 ± 0.04 n/a n/a 
Head3/Neck1 
0.58 ± 0.04 
n=90 
n/a n/a 
NcKin 
2.29 ± 0.01 
n=60 
2.38 ± 0.01 
n=16 
1.75 ± 0.09 
(Lakamper and 
Meyhofer, 2005) 
Head1/Neck3 
1.60 ± 0.02 
n=120 
1.40 ± 0.03 µm/s 
n=80 
0.67 ± 0.13 µm 
n=74 
n/a: not applicable 
 
2.4  Discussion 
The chimaeras showed that on one hand, the motor domain determines the 
processivity and on the other hand, that the stalk/neck domain can influence the 
grade of processivity. The Head1/Neck3 had some structural elements which were 
sufficient to transfer the ability to step continuously into a non-processive background. 
These structural elements are obviously absent in the reverse construct, 
Head3/Neck1, which is unable to move processively, despite its Kinesin-1 neck 
domain. These findings are in good agreement with data obtained from chimaeras 
with the non-processive Ncd (Case et al., 1997). Transferring the motor domain of 
Ncd to a processive motor also yielded in a non-processive motor. Taken together, it 
does not matter which directionality or processivity the motor domain had as a 
wildtype protein, the structural elements for processivity lie within the motor domain. 
In addition to the information on motor domain, our study also reveals important 
features of kinesin’s neck. In agreement with previous studies, the Head1/Neck3 
construct (lacking the conventional neck-domain) shows severely altered processivity. 
Mutational analysis of the conventional kinesin neck suggested that passive 
mechanical features (stiffness, in particular) affect the runlengths of processive 
kinesins, and is optimised in wildtype (Jaud et al., 2006). The Head1/Neck3 chimaera 
showed a slower velocity and diminished runlength, indicating that the likelihood of 
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forward stepping is generally affected. Apparently, the wildtype neck of processive 
kinesins minimizes the time required for diffusive search for the next microtubule-
binding site while the coiled coil of NcKin3 impairs positioning of the diffusing head.  
Which are the physical counterparts of the structural elements in the motor domain 
which mediate processivity? From previous studies it is known, that the neck-linker is 
crucial for motility (Rice et al., 1999). The neck-linker is a short stretch of about 15 aa, 
which links the head with the neck. During the chemo-mechanical cycle the neck-
linker undergoes conformational changes and docks to the motor core upon ATP 
binding. This neck-linker docking is thought to induce forward stepping of the other 
head. Furthermore, current models explain the coordination between motor heads 
with intramolecular strain which is built on the neck-linker (Guydosh and Block, 2006; 
Hyeon and Onuchic, 2007; Rosenfeld et al., 2003). Mounting experimental evidence 
suggests that the leading motor head of conventional kinesin is inhibited in its ATP 
binding as long as the lagging head remains filament-bound. That way, the motor 
prevents premature detachment and achieves directed stepping to the microtubule 
plus-end. As all constructs of this study contained motor core and neck-linker of its 
parent motor, the motor core / neck-linker interaction is a likely structural element for 
determining processivity. 
2.5  Methods 
2.5.1 Cloning, protein expression and purification 
Wildtype reference constructs were prepared as described (Bathe et al., 2005). For 
the generation of the Head1/Neck3 chimaera the N-terminal 342 amino acids of the 
NcKin436 proteins were amplified from the pT7-NKin436 expression vector by PCR. 
The reverse primer introduced a BsiWI restrictions site at the C-terminus of the NcKin 
head domain that allowed replacement of the codons for the N-terminal 427 amino 
acids in pT7-NcKin3_558cys and pT7-NcKin3_558hTail plasmids. 
For generation of the Head3/Neck1 chimaera the N-terminal 429 amino acids of 
NcKin3 were amplified by PCR on basis of the pT7-NcKin3_558cys plasmid. Here, 
the reverse primer introduced a NgoMIV restriction site at the C-terminus of the head 
domain that allowed replacement of the NcKin head domain in the pT7-NKin436 and 
pT7-NcKin436_hTail plasmids. 
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All constructs that do not contain the human kinesin Tail (hTail) sequence have a 
short peptide sequence added to the C-terminus that confers a reactive cysteine to 
the protein (PSIVHRKCF, (Itakura et al., 1993)). This allows labelling with maleimide 
compounds.  
Expression and purification of the proteins was performed as described in (Adio et al., 
2006). Microtubules were prepared from pig brain tubulin (Mandelkow et al., 1985), 
the Atto488 and Biotin labelling of tubulin, and the polymerisation of microtubules 
were performed as described in (Hyman et al., 1991). For kinetic experiments 
microtubules were treated with apyrase 0.01 U/ml prior to centrifugation. 
2.5.2 Gliding assays 
A flow cell was incubated for 5 min with hTail-tagged motors in motility buffer (10 mM 
MgCl2, 10 mM ATP, 100 mM KCl, 20 µM paclitaxel, 1 mg/ml BSA, 0.8 mg/ml casein in 
BRB80+ (80 mM PIPES·KOH, pH 6.8, 5 mM MgCl2, 1 mM EGTA)). After washing with 
blocking buffer (1 mg/ml BSA, 0.8 mg/ml casein in BRB80+), the flow chamber was 
filled with Atto488-labelled microtubules in motility buffer. Both kinesin and 
microtubule solutions were supplied with an oxygen scavenging system (0.1 mg/ml 
glucose oxidase, 0.02 mg/ml catalase, 2.25 mg/ml glucose). Gliding of the 
microtubules was observed with a total internal reflection (TIRF) microscope and 
gilding velocity of individual microtubules was measured using the manufacturers’ 
software (Olympus Biosystems GmbH, Planegg, Germany). For statistical analysis 
SigmaPlot 2000 Software (Systat, Point Richmont, CA, USA) was used. 
2.5.3 Single-molecule motility assays 
Motors were labelled with the maleimide conjugate of the Atto488-fluorophore (ATTO-
tec GmbH, Siegen, Germany). Biotin-labelled microtubules were fixed on the surface 
of a flow chamber which was incubated with 2 mg/ml BSA-biotin (Sigma-Aldrich Co., 
St. Louis, MO, USA) and subsequently with 1 mg/ml Streptividin in BRB80+ buffer 
and 20 µM taxol. After washing with 1 mg/ml BSA in BRB80+ motility mix (0.1-0.5 nM 
Atto488-labeled kinesin, 20 µM - 2 mM ATP, oxygen scavenger (see above), 0.2 
mg/ml casein, 100 mM KCl in BRB80+) was flushed in. The gliding activity was 
observed in an Olympus IX71 TIRF microscope with an excitation wavelength of 488 
nm and a Hamamatsu C-9100 front-illuminated CCD-camera. The optical resolution 
was 160 nm per 2x2-binned pixel with an integration time of 200 ms. 
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3 Kinesin-1’s neck-linker docking 
3.1  Abstract 
Kinesin-1 motor proteins step along microtubules by a mechanism in which the heads 
alternate between microtubule-bound and unbound states in a highly coordinated 
fashion. This coordination is supported by the action of the neck-linker that docks 
onto the core motor domain upon ATP binding. The introduction of crosslinkable 
cysteins gave us the possibility to simulate a continuously docked neck-linker. Here, 
we investigate the motility properties and the microtubule affinities of docked and 
undocked neck-linker mutants. The motility of Kinesin-1 motors is severely affected 
for docked neck-linker. This could be due to a lower microtubule affinity in this 
conformation. Based on our experiments we suggest that the neck-linker docking 
alters the microtubule affinity of the individual heads during the chemo-mechanical 
cycle. The study was initiated by Katrin Hahlen; the contribution of the present thesis 
was the direct measurement of binding affinities and the confirmation of motility data.  
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3.2  Introduction 
Most dimeric kinesins generate motility by the alternating action of two identical motor 
domains (Hackney, 1995; Hancock and Howard, 1998; Ma and Taylor, 1997; Yildiz et 
al., 2004). For this hand-over-hand mechanism, one head has to remain bound to the 
microtubule until the second head binds simultaneously. Consequently, the 
intermediate state, where one nucleotide-free head is strongly attached to the 
filament, while the other one remains in a weakly microtubule-binding ADP state is 
crucial (Figure 3.1). Upon ATP-binding, a very rapid structural change of the neck-
linker of the microtubule-bound motor head occurs that allows the partner head to 
lose its ADP and to bind tightly to the microtubule (Rosenfeld et al., 2002).  
 
 
 
Figure 3.1 Neck-linker docking upon ATP binding. 
In the ATP waiting state, one head (light grey) binds tightly to the microtubule (blue), 
while the other one (dark grey) is free to diffuse. Both neck-linkers are undocked 
(green) until ATP binds to the microtubule bound head. Then the neck-linker docks 
(red) and the second head binds to the adjacent microtubule binding domain. After 
ATP hydrolysis the neck-linker undocks and the head detaches (not shown). (NN: no 
nucleotide is bound to the nucleotide binding pocket; T: ATP is bound; D: ADP is 
bound) 
The neck-linker, a short stretch of ~15 amino acid residues that follows C-terminally 
from the catalytic core motor domain, is thought to exist in at least two different 
conformations, one that is docked or ‘zippered’ to the motor core, and a flexible 
undocked structure (Rice et al., 2003; Rice et al., 1999).  
The docked neck-linker is visible in some crystal structures (Sack et al., 1997; 
Sindelar et al., 2002), and its path along microtubule-bound kinesin has been 
deduced from cryo-EM (Rice et al., 1999; Skiniotis et al., 2003). According to these 
data, the neck-linker docks along a groove in the core motor domain where it is held 
by a meshwork of hydrogen bonds. The nature of the undocked conformation is not 
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clear, and might differ in truncated, monomeric constructs (that have been used for 
many of the structural investigations) and dimeric ones.  
To explain the mechanism of Kinesin-1 motility the conformational change of the 
neck-linker has been used. It is thought that neck-linker docking allows or causes the 
second head to bind to the adjacent microtubule-binding site. It has been shown that 
the neck-linker is important to provide energy and to determine directionality (Rice et 
al., 2003). Furthermore, it provides the spatial freedom to bridge the 8 nm gap 
between adjacent microtubule binding-sites. Motility assays with arrested neck-linker 
in the docked state by disulfide bonds failed to step, supporting the structural 
importance of the neck-linker region (Tomishige and Vale, 2000). However, the reality 
is more complex because from the crystal structure and the known geometry of the 
kinesin-microtubule complex a strain is predicted to arise between the two heads 
when they are in the intermediate state where both heads bind simultaneously. This 
strain is thought to change the kinetic properties of the motor domains and facilitates 
dissociation of the rear head, and/or slows down the ATP binding of the leading head 
(Carter and Cross, 2005; Crevel et al., 2004; Hackney, 2002; Rosenfeld et al., 2003). 
The models assume that the leading, nucleotide-free head possesses a flexible neck-
linker that exerts a strain on its rear partner (Figure 3.1). This strain has been 
proposed to accelerate dissociation of the rear head from the microtubule (Carter and 
Cross, 2005; Crevel et al., 2004; Hackney, 2002; Rosenfeld et al., 2003). In addition, 
the rearward strain on the leading head seems to inhibit ATP binding, which keeps 
the head in a strong microtubule binding state and prevents premature release 
(Rosenfeld et al., 2003). According to these models, the neck-linker thus plays a 
central role in the generation of motility by altering the kinetic properties of the motor 
heads during the chemo-mechanical cycle. 
The present study tests whether there are other effects that prevent motility of 
kinesins with immobilised neck-linker besides restricting the diffusional freedom of the 
leading head. Our results on crosslinked neck-linker mutants show that indeed there 
is another effect, namely an altered microtubule affinity. 
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3.3  Results 
3.3.1 Mutant design and proof of expected disulfide bonds  
Kinesin-1’s neck-linker plays an important mechanical role in the generation of 
movement, and a permanently docked neck-linker prevents microtubule motility 
(Tomishige and Vale, 2000). In the Tomishige/Vale study, the neck-linker was kept in 
a docked state by inducing disulfide bonds between neck-linker and motor core. It 
was suggested that the crosslinked neck-linker of the microtubule-bound head 
restricts the mobility of the second, unbound kinesin head in a way that does not 
allow stepping. But how is the unbound head prevented from stepping and are there 
other effects caused by neck-linker immobilisation? We therefore looked for possible 
effects of neck-linker docking, and cloned NcKin kinesin constructs in which we 
introduced pairs of crosslinkable cysteine residues at the interface between neck-
linker and motor core (Figure 3.2). The initial NcKin kinesin had two residual 
cysteines, which are not surface exposed and therefore not able to form disulfide-
bridges (cysteine-light construct). The choice of the fungal Kinesin-1 NcKin, which is 
much faster than conventional kinesins from animals, was made to amplify the effects 
of the crosslinked neck-linker. 
 
Figure 3.2 Positions of crosslinked residues in crystal structure model. 
The figure shows a crystallographic model of the motor domain of Neurospora crassa 
Kinesin-1 (1GOJ). Residues mutated into cysteines to form disulfide bonds are shown 
in red. Crosslinks are indicated by arrows. The model was generated in SwissPDB 
Viewer. 
- 34 - 
Chapter 3: Kinesin-1´s neck-linker docking 
 
- 35 - 
To immobilize the neck-linker, two different positions were chosen (S3C-A334C, brief: 
SA-crosslink and A226C-E339C, AE-crosslink). Judged from the distances in crystal 
structures (Protein Data Bank Numbers: 1GOJ, 2KIN, 1MJK), these pairs of residues 
are supposed to form disulfide bonds without major structural distortions. The AE-
crosslink fixes the neck-linker over its entire length, whereas the SA-crosslink is 
located rather in the middle. Beside monomeric constructs (NK343), dimeric 
constructs with a human kinesin tail (NK436hKT) were cloned to attach them to glass 
surfaces in motility assays. 
The formation and the positions of the disulfide bonds were confirmed by ESI-Q-TOF 
mass spectrometry (done by Jörg Reinders and Albert Sickmann from the Rudolf-
Virchow-Centre for Experimental Biomedicine, University Würzburg). The untreated 
NK343-AE protein had the predicted total mass of 37219.8 Da and was detected at 
the expected size. Under oxidizing conditions (DTNB treatment), it could be 
carbamidomethylated at two positions, leading to an increase in mass of 114.0 Da. 
Under reducing conditions (DTT treatment), 4 residues were modified (two from the 
crosslink and two residual endogenous cysteines). MALDI-LIFT-MS/MS showed that 
the endogenous residues are also modified under oxidizing conditions only, implying 
that the introduced residues form the expected disulfide bond.  
3.3.2 Motility behaviour  
As a start, the effect of disulfide bonds on the motor activity of NcKin436hKT mutants 
was measured. By contrast to the wildtype control (2.41 µm/sec), all crosslinked 
kinesin mutants slowed down to velocities in multiple motor gliding assays: 0.07 
µm/sec for the SA-crosslink and 0.26 µm/sec for the AE-crosslink (Table I). The 
calculated residual velocity of 12% of the AE-crosslink mutant is an upper limit 
because huge variations in the behaviour of individual microtubules were observed. 
The more drastic effect was observed in the SA mutant that only showed 3% residual 
gliding velocity. In general, moving microtubules were extremely rare, and those that 
were displaced usually stalled after a very brief period of time (< 1-2 s). As described 
further below, this behaviour is most likely due to the presence of a mixed population 
of crosslinked, inactive motors, with a small contamination of uncrosslinked, and 
therefore wildtype-like proteins. 
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Table I  Effect of oxidation on the gliding velocities of NcKin 
cysteine mutants.  
The table summarises the gliding velocities of reduced (DTT) and oxidised (DTNB) 
NcKin mutants, and oxidized proteins after rescue with excess DTT. The values give 
average microtubule gliding velocities ± SEM in µm/s (usually averages of 20–25 
microtubules; for some weakly microtubule-binding preparations 7-15), and the 
number of independent preparations tested (n).  
Gliding velocities [µm/s] 
Constructs 
DTT DTNB 
Residual 
gliding ability 
Rescue 
NcKin 
2.53 ± 0.10; 
n=3 
2.41 ± 0.06; 
n=2 
- 
2.66 ± 0.22; 
n=2 
NcKin-
A226C/E339C 
2.13 ± 0.21; 
n=3 
≤ 0.26 ± 0.09; 
n=3 
12 % 
2.41 ± 0.18; 
n=2 
NcKin-
S3C/A334C 
2.32 ± 0.18; 
n=2 
0.07 ± 0.01; 
n=2 
3 % 
2.20 ± 0.01; 
n=2 
 
One possible explanation why the gliding velocities are disturbed is that the second, 
unbound kinesin head is unable to bind to a new microtubule site. Curiously, in these 
assays, the gliding activity of crosslinked mutants was not completely abolished. This 
could be due to the fact that the crosslinked motors still show residual activity, or that 
oxidation produces a mixed population of crosslinked, fully inactive motors, and 
uncrosslinked motors with wildtype properties. To learn how a mixture of native and 
inactive motor behaved, we performed mixed gliding assays. In these assays, the 
crosslinkable AE and SA-crosslink mutants were mixed with wildtype motor (without 
reactive cysteine residues) and measured in multiple motor gliding assays. The 
results showed that adding inactive, crosslinked mutants to active wildtype motors 
lead to a gradual decrease in gliding velocity. However, both crosslink mutants were 
very different in their efficiency to slow down the wildtype motor population. Whereas 
a portion of ~50% of the crosslinked SA-mutant led to 50% slower gliding, as few as 
1% wildtype kinesin mixed with oxidized AE-mutant still drove half-maximal gliding 
velocity. These observations prove that very few uncrosslinked motors may have 
been responsible for the observed residual velocity in assays of the oxidised AE-
mutant. Moreover, they suggest that the AE-mutant may have a severely reduced 
microtubule affinity.  
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3.3.3 Microtubule affinities  
To check whether the AE-crosslink was arrested in a weak microtubule-binding state, 
the affinities were determined in microtubule co-sedimentation assays (Figure 3.3, 
Table II). Monomeric and dimeric constructs of both, the AE- and the SA-crosslink, 
were tested for their ability to bind to microtubules in the presence of ADP and AMP-
PNP.  
 
Figure 3.3 Microtubule affinity of 
mutant kinesins.  
To determine the microtubule 
affinity, a constant amount of 
kinesin was mixed with increasing 
amounts of microtubules in the 
presence of ADP or AMP-PNP. 
The microtubule-bound kinesin 
fraction was separated from the 
unbound fraction by centrifugation. 
The figure shows an example 
SDS-gel of an experiment with 
NcKin-343 AE (top). The protein 
content per lane was quantified in 
ImageJ, and plotted against the 
microtubule concentration (4 
graphs below the gel). The top 
graph plots the binding affinities of 
AE-crosslink mutants under AMP-
PNP conditions, either as 
monomer (circles) or dimer 
(triangles), and oxidised (open 
symbols) or reduced (filled 
symbols). Experiments in the 
presence of ADP and experiments 
with AE-mutants in the presence of 
AMP-PNP and ADP are shown 
below. For the affinities listed in 
table II multiple independent 
preparations were analysed, and 
their half-maximal binding 
concentrations were used to 
calculate the averaged dissociation 
constant. The affinities of the 
monomeric and dimeric AE-
crosslink mutants in the presence 
of ADP were significantly lower in 
oxidised than in reduced samples.  
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The analysis showed that the oxidised, crosslinked AE mutant is compromised in its 
ability to bind microtubules when bound to ADP. The microtubule affinity of the 
oxidised monomeric mutant decreased roughly 4-fold in the presence of ADP, the 
affinity of the dimer almost 2-fold (Table II). These differences were significant in the 
ANOVA (P < 0.05), in contrast to the differences of the SA mutant. Noteworthy, the 
differences in the presence of AMP-PNP were not significant. These assays further 
substantiated that the crosslinked AE-mutant (but not the SA-mutant) had a weaker 
affinity to microtubules than wildtype.  
 
Table II  Microtubule affinities of crosslinked kinesin mutants.  
Dissociation constants of kinesin-microtubule complexes in different nucleotide states 
were determined by centrifugation. The averages give Kd values ± SEM and are based 
on assays on two or three independent preparations. 
ADP AMP-PNP 
Construct 
DTT DTNB DTT DTNB 
NcKin-343 
A226C/E339C 
0.52 ± 0.16 µM 2.00 ± 0.14 µM 0.25 ± 0.11 µM 0.18 ± 0.04 µM 
NcKin-436hKT  
A226C/E339C 
0.58 ± 0.19 µM 1.04 ± 0.09 µM 0.22± 0.10 µM 0.41 ± 0.06 µM 
NcKin-343  
S3C/A334C 
1.05 ± 0.44 µM 0.79 ± 0.01 µM 0.25 ± 0.06 µM 0.53 ± 0.16 µM 
NcKin-436hKT  
S3C/A334C 
0.22 ± 0.07 µM 0.32 ± 0.01 µM 0.19 ± 0.08 µM 0.44 ± 0.23 µM 
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3.4  Discussion 
The neck-linker is known to exist in at least two conformations: one that is captured in 
some crystal structures, comprises two short β-strands and is associated with the 
motor core and another one that is less well described structurally, but is known to be 
flexible based on EPR studies (Kozielski et al., 1997; Rice et al., 2003; Rice et al., 
1999; Sindelar et al., 2002; Song et al., 2001). Kinesin is thought to switch between 
these two states during its chemo-mechanical cycle. According to previous studies, 
microtubule-bound, nucleotide-free kinesin has an undocked neck-linker, and transits 
into the docked neck-linker state very rapidly upon binding of ATP (Rosenfeld et al., 
2002). Neck-linker docking is thought to be ‘kinesin’s first step’ that induces stepping 
of the other, unbound head. 
The importance to switch between docked and undocked positions was demonstrated 
in a study where disulfide bonds were introduced to immobilise kinesin’s neck-linker 
(Tomishige and Vale, 2000). This manipulation led to the disruption of motility on the 
single-molecule level, suggesting that the ‘second’ kinesin head was unable to step 
forwards, and the dimer was arrested in a microtubule-bound state. The present study 
uses the same technique to further characterise the intermediate that is trapped by 
the permanently docked neck-linker. Is this intermediate trapped only because of the 
restricted diffusional freedom of the leading head or also by altering the kinetic 
properties of the motor heads? 
Our data confirm that the arrested neck-linker prevents motility regardless of the 
position of the crosslink. In contrast to the previous study (Tomishige and Vale, 2000) 
we find that neck-linker immobilisation can also lead to an almost complete inhibition 
of activity. However, the neck-linker needs a conformational flexibility to achieve 
normal enzymatic activity. But how does the docked neck-linker state inhibit the motor 
activity? The primary effect of neck-linker docking seems to be a reduction of 
microtubule affinity that was observed in competitive gliding assays with crosslinked 
and wildtype NcKin. For the AE-crosslink 1% wildtype protein was enough to show 
residual gliding, which is an order of magnitude higher microtubule affinity for the 
wildtype. In the case of the SA-crosslink this effect was observed not before 50% 
wildtype protein, indicating a less pronounced microtubule affinity effect. 
This microtubule affinity defect was confirmed in microtubule co-sedimentation 
assays for the AE-crosslink (Figure 3.3). Binding kinesins to microtubules with ADP 
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simulates the ATP waiting state (Figure 3.1, first intermediate), where both neck-linker 
are usually undocked. At least, Rice et al. (1999) found the microtubule-bound ADP 
form of kinesin in a non-docked neck-linker conformation. An artificially docked neck-
linker yields in a higher dissociation rate and is therefore probably the primary effect 
of disrupted motility. The difference in microtubule affinity was not significant with the 
non-hydrolysable ATP analogue AMP-PNP. Kinesin bound with AMP-PNP to 
microtubules is supposed to simulate the ATP state (Figure 3.1, second 
intermediate). Here, the neck-linker is docked and the motor molecule has in the 
natural state a high microtubule affinity. The lower microtubule affinity in the ADP 
bound state could not be confirmed significantly for the SA-crosslink. This is probably 
due to the location of the crosslink. While the AE-crosslink is positioned at the very 
end of the neck-linker, the SA-crosslink is located in the middle. Therefore the effect 
could well be less pronounced, as already indicated in competitive gliding assays. 
Remarkably, according to available Kinesin-1 crystal structures the neck-linker docks 
in the vicinity of the primary microtubule-binding domain (Alonso et al., 1998; 
Woehlke et al., 1997). Taken together, it is most likely that neck-linker docking alters 
the microtubule affinity of individual kinesin heads during the chemo-mechanical 
cycle.  
3.5  Material and Methods 
3.5.1 Protein expression and purification  
Kinesin was expressed and purified as described (Crevel et al., 1999; Kallipolitou et 
al., 2001). Briefly, Neurospora crassa kinesin (NcKin) was bacterially expressed using 
a T7 promoter system, isolated from E. coli cells and purified on a HiTrap SP 
sepharose column (Amersham Biosciences, Uppsala, Sweden) in 20 mM Na-
phosphate buffer, pH 7.4 and 5 mM MgCl2. The protein was eluted with increasing 
NaCl concentrations. Human kinesin mutants were purified according to published 
procedures (Tomishige and Vale, 2000). DTT was present during the cell rupture but 
omitted during the ion exchange chromatography. Tubulin was prepared and 
polymerised as described (Huang and Hackney, 1994; Mandelkow et al., 1985).  
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3.5.2 NcKin protein backgrounds  
As protein background a ‘cysteine-light’ NcKin construct was used that did not contain 
maleimide-reactive cysteine residues, as confirmed by dye labelling experiments. 
Only two native cysteine residues remained: C38 and C59. Furthermore, truncated 
NcKin backgrounds of different lengths were used. The C-terminal deletion construct 
NcKin-343 (NcKin residues 1-343; (Kallipolitou et al., 2001)) was used to study the 
behaviour of monomeric constructs, NcKin-436hKT (NcKin residues 1-436 and 
human kinesin residues 432-546; (Bathe et al., 2005)) that of dimeric kinesins. In this 
chimaera, part of the human kinesin stalk was appended to be able to bind NcKin 
mutants to glass coverslips. The addition of the human tail portion only affects the 
behaviour of the motor in few, very specific mutant contexts (Bathe et al., 2005). As a 
control, the AE-mutant comprising residues 1-436 of NcKin was tested and did not 
show a significant kinetic difference in the microtubule-dependent ATPase assay 
between variants lacking or containing the partial human stalk. Therefore, all other 
mutants were only tested in the chimeric background containing the human stalk. 
3.5.3 Introduction of disulfide bridges  
To introduce crosslinks between kinesin’s motor core and neck-linker, pairs of amino 
acid residues were selected, according to known crystal structures, in close proximity 
to each other to allow the formation of disulfide bonds (Figure 3.2; (Sack et al., 1997; 
Song et al., 2001)). The selected wildtype residues were changed to cysteines in 
Kinesin-1 of N. crassa (NcKin) using a PCR-based mutagenesis protocol (Stratagene 
QuickChange, La Jolla, USA) on a bacterial expression vector (Kallipolitou et al., 
2001). In the N. crassa kinesin sequence, the introduced cysteine residues were 
located at positions S3 and A334 (SA-mutant) or A226 and E339 (AE-mutant), 
respectively. In a sequence alignment, S3/A334 and A226/E339 correspond to the 
locations that have been investigated previously in human kinesin (Tomishige and 
Vale, 2000). The disulfide bridges formed upon oxidation with 0.2mM DTNB or in air 
saturated buffer and broke upon reduction with 1-5mM DTT. 
3.5.4 Gliding assay  
A flow cell was incubated for 5 min with hTail-tagged motors in motility buffer (10 mM 
MgCl2, 10 mM ATP, 100 mM KCl, 20 µM paclitaxel, 1 mg/ml BSA, 0.8 mg/ml casein in 
BRB80+ (80 mM PIPES·KOH, pH 6.8, 5 mM MgCl2, 1 mM EGTA)). After washing with 
blocking buffer (1 mg/ml BSA, 0.8 mg/ml casein in BRB80+), the flow chamber was 
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filled with atto488-labelled microtubules in motility buffer. Both kinesin and 
microtubule solutions were supplied with an oxygen scavenging system (0.1 mg/ml 
glucose oxidase, 0.02 mg/ml catalase, 2.25 mg/ml glucose). Gliding of the 
microtubules was observed with a total internal reflection microscope and gilding 
velocity of individual microtubules was measured using the manufacturers’ software 
(Olympus Biosystems GmbH, Planegg, Germany). For statistical analysis SigmaPlot 
2000 Software (Systat, Point Richmont, CA, USA) was used. 
3.5.5 Microtubule Co-sedimentation assay 
The microtubule affinity of kinesin was determined using a fixed amount of kinesin 
(300 – 500 nM), and increasing amounts of microtubules (0 – (10 to 50) µM, 
depending on the mutant and condition used; (Woehlke et al., 1997)). The tubulin 
dimer concentration was used to analyse the assays. Kinesin and microtubules were 
mixed in 12A25 buffer, and the microtubule-bound kinesin fraction was separated 
from free kinesin by 15 minutes centrifugation at 120,000 g in a Beckman Optima 
ultracentrifuge. After centrifugation the supernatant was removed, the pellet was re-
suspended in the original volume, and both samples were analysed on a SDS-gel. 
The Coomassie-stained gel was photographed with a CCD camera (Stratagene 
EagleEye, La Jolla, USA) and analysed densitometrically in the computer program 
ImageJ (applying uncalibrated OD settings; http://rsb.info.nih.gov/ij/). 
For unknown reasons, the supernatant contained variable amounts of tubulin, ranging 
from estimated 1 – 10%. If this was unpolymerized tubulin, the actual microtubule 
concentration would be over-estimated ≤ 10 %; if it contained small microtubule 
fragments that kinesin can still bind to the bound fraction would be under-estimated ≤ 
10 %. 
3.5.6 Statistical analysis of experimental results  
To decide whether an observed effect was significant, tables of gliding velocity of 
each single protein assay and preparation were considered (analysis software: 
GraphPad Prism 4.0, GraphPad Software Inc., San Diego, CA). In cases where the 
number of independent protein preparations was 3 or more, a paired t-test could be 
used to test the null-hypothesis that (otherwise identical) DTT- and DTNB-treated 
protein samples behaved identically. Data obtained on DTT-treated proteins served 
as a reference to check whether any diverging mutant DTNB value was significantly 
different. The consistency of data obtained on different constructs under DTT 
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conditions was tested the same way, and each mutant was compared to all others in 
a one-way ANOVA. 
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4 Time-resolved FRET between Kinesin-1 
and its substrate ATP 
4.1  Abstract 
Although it is now generally accepted that kinesin moves along microtubules in a 
stepwise hand-over-hand fashion, the coupling of stepping and ADP-release from the 
rear head is still controversial. To clarify this issue, we established a novel single-
molecule method to observe FRET between fluorescently labelled human ubiquitous 
kinesin and ATP. This setup allowed observing single ATP binding events directly 
while human kinesin was stepping along the microtubule. In motility assays these 
labelled kinesins moved at wildtype velocity and reached normal run lengths, 
indicating normal kinetic behaviour. Single ATP turnovers were measured in a 
confocal microscope setup with a sub-millisecond time-resolution. Here, the confocal 
spot was focussed on a microtubule along which moving donor-labelled kinesins were 
visible as bell-shaped fluorescence time traces. FRET could be observed in acceptor 
and donor channel with low fluorescent ATP concentrations. To achieve a higher ATP 
concentration, we added non-fluorescent ATP and measured ATP binding times, and 
compared it with the duration of a single step. We found that one ATP is bound longer 
then the step of one head endures, indicating an overlap of the nucleotide binding 
times of the two heads.  
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4.2  Introduction 
Single-molecule techniques provide powerful tools to understand the function of 
biomolecules. They became popular three decades ago, when electrophysiologists 
started to observe the behaviour of single ion-channels (Auerbach and Sachs, 1984; 
Neher and Sakmann, 1976). Apart from patch-clamping, further single-molecule 
technologies developed rapidly and are now available to investigate a broad range of 
biophysical and biochemical questions. These techniques became enormously 
popular because of their power in providing previously unattainable data on biological 
processes. Data of heterogeneous or not synchronised populations are now available 
and provide the unique opportunity to determine the detailed kinetics. Two important 
approaches to study single molecules are visualisation by fluorescence, and 
manipulation using optical or magnetic tweezers, or atomic force microscopy (AFM). 
Especially fluorescence localisation gave new insight in the field of molecular motors. 
The stepping behaviour of fluorescently labelled cytoskeletal motors can be followed 
with 1.5 nm accuracy (Yildiz et al., 2003). The technique of FIONA (fluorescence 
imaging with one nanometer accuracy) resolved the hand-over-hand mechanism not 
only of myosin but also of kinesin (Yildiz et al., 2003; Yildiz et al., 2004).  
After its first application in 1996 (Ha et al., 1996), single-molecule FRET has been 
used to follow conformational changes in a wide variety of contexts. The results 
included new insights in the effects of calcium-binding on calmodulin domains 
(Brasselet et al., 2000), the folding of telomers (Lee et al., 2005), transcription 
initiation (Kapanidis et al., 2006), kinesin´s neck-linker conformation (Tomishige et al., 
2006) and kinesin´s waiting conformation between the steps (Mori et al., 2007). Latter 
results were obtained with TIRF-microscopy and needed integration times of 60 ms, 
which made it necessary to slow down the motor velocity using fairly low ATP 
concentrations (0.5 – 1 µM). A second experimental approach used in some of the 
studies is confocal microscopy. One advantage is that a time resolution up to 
nanoseconds can be achieved (Haustein and Schwille, 2004; Verbrugge et al., 2007). 
Furthermore, the excitation volume is confined to the size of the focal spot and 
therefore much smaller and more defined as compared to TIRF. This makes it 
possible to increase the overall concentration of fluorophores in the sample. If donor 
and acceptor concentrations are not equimolar, but differ in order of magnitudes, the 
confocal setup is especially useful.  
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We used the advantages of confocal microscopy and FRET to measure the time of 
ATP turnovers by conventional kinesin. The challenge is to image high ATP 
concentrations combined with high time-resolution. The result will yield new insights 
into the chemo-mechanical cycle based on all qualitive advantages of single-molecule 
data.  
4.3  Results 
4.3.1 Design of FRET constructs 
The purpose of this study is to measure the binding time of single ATP molecules to 
single kinesins while walking along a microtubule. Our measurements were 
performed with human conventional kinesin, which is the best-studied kinesin motor. 
We truncated a cysteine-light construct after the dimerisation domain (391 aa) to 
prevent unspecific binding to glass surfaces. For site specific labelling, we 
reintroduced cysteines located next to the ATP binding pocket. A set of three different 
positions in close proximity to the bound ATP was chosen with help of the crystal 
structure (Protein Database Numbering: 1BG2; Figure 4.1).  
 
Figure 4.1 Positions of reactive cysteines and distances to ATP. 
The figure shows crystallographic models of the motor domain of human Kinesin-1 
(Protein Database Numbering: 1BG2), which was used to generate FRET constructs. 
Residues mutated into cysteines for site specific labelling are shown in green and 
indicated with white arrows. Distances to the ATP (red) are displayed by green arrows. 
In the case of HKin391-S43C the distance is 2.5 nm and in the case of HKin391-
T217C 4.5 nm. The model was generated in SwissPDB Viewer. 
Position S43 and T217 have 2.5 and 4.5 nm distances to the bound ATP, are surface-
exposed and are not conserved among the Kinesin-1 superfamily, suggesting low 
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functional impact. A third point mutation (E309C) with the same characteristics failed 
the expression in E.coli. 
As fluorophores have different properties in different protein environments, two 
combinations of donor and acceptor were tested. The dyes were chosen by the 
following criteria: (1) high photostability, (2) high extinction coefficient, (3) high 
quantum yield, (4) spectral overlap of donor emission and acceptor excitation, (5) 
large spectral separation to minimise donor emission leakage into the spectral range 
of acceptor emission and to reduce the amount of direct excitation of the acceptor by 
the laser (Ha, 2001). The latter is especially important because the acceptor dye 
concentration will be 100 - 10.000 fold higher then the donor dye concentration in our 
experiments. Atto488 and Cy3 were the first choice, because Atto488 was found to 
be very stable in TIRF assays (chapter 2) and Cy3 is known from previous single 
molecule FRET experiments (Kapanidis et al., 2006; Tomishige et al., 2006). An 
alternative fluorophore system was Alexa555 and Alexa647. The purified kinesins 
were labelled via maleimide with fluorophores and free dye and inactive motors were 
separated in a microtubule affinity step. 
4.3.2 Spectroscopic bulk assay 
To confirm FRET between the labelled kinesin and fluorescent ATP, spectroscopic 
bulk assays were performed. To this end, we released kinesin after labelling and 
microtubule affinity spin-down using fluorescent ATP. The excess of fluorescent dye 
was removed by centrifuging the solution in a membrane-containing filter tube. The 
remaining protein solution was diluted and an emission scan was performed in a 
fluorimeter (Figure 4.2, red line). The fluorescent ATP was released with an excess of 
non-fluorescent ATP (Figure 4.2, black line). 
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Figure 4.2 Spectroscopic FRET measurement. 
These example traces of an emission scan (excitation wavelength of 535 nm) show 
FRET between HKin391-S43C labelled with Alexa555- and Alexa647-ATP. The red 
line shows the Alexa647-ATP bound state and the black line the non-fluorescent ATP 
bound state. The donor fluorescence intensity in the FRET curve (red curve at 570 nm 
emission) is clearly quenched, whereas the acceptor intensity is strongly enhanced (at 
670 nm emission) in comparison with the non-FRET curve (black). 
In Figure 4.2 the energy transfer between the donor and the acceptor fluorophore is 
clearly visible. If fluorescent ATP is bound to the labelled kinesin, the emission 
intensity of the donor is quenched and the emission intensity of the acceptor is 
strongly enhanced. In theory, the degree of quenching and of the enhancement 
should be same, which is not the case in the latter experiment. One reason for this 
could be the higher quantum yield of the acceptor (0.1 for Alexa555 and 0.33 for 
Alexa647, according to Molecular Probes’ Homepage) and another reason unequal 
concentrations of donor and acceptor fluorophors. If e.g. only 80% of donor molecules 
bind an acceptor, all acceptor fluorophores would be excited via FRET but only 80% 
of the donor molecules would be quenched. Therefore all residual donor fluorophores 
(20%) emit with their full intensity and the average donor quench would appear less 
pronounced. This situation could arise as a consequence of filtering the protein 
solution after labelling. Fluorescent ATP could be in shortage (kinesin without 
fluorescent ATP) and the donor quench seems to be less pronounced. Due to these 
problems, it was not possible to calculate the exact FRET efficiencies of the two 
FRET constructs. However, in our experiments the FRET efficiency of HKin391-S43C 
was higher than the one of HKin391-T217C (data not shown). The results could be 
confirmed with two fluorophore pairs: Atto488 - Cy3 and Alexa555 - Alexa647. Taken 
together the results indicate that these constructs are good tools to resolve ATP-
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binding times. Due to higher FRET efficiency of HKin391-S43C, the first set of 
experiments was performed with this construct. 
4.3.3 Single-molecule TIRF-assay 
Despite the spectroscopic properties of the FRET construct it is crucial to check if the 
point mutations alter the kinetic properties. The lack of the tail domain prevented 
measuring the velocity in conventional multi-motor gliding assays, but suitable for 
single-molecule motility assays. In these assays rhodamine-labelled microtubules 
were attached to the coverslip and kinesins labelled with Atto488 were added. Their 
movement was imaged with a TIRF microscope. The measured velocity of 0.77 ± 0.1 
µm/s is in excellent agreement the wildtype velocity (0.78 ± 0.09 µm/s for HKin560 
(Lakamper et al., 2003)). Another important property of a processive molecular motor 
is its average runlength. This can also be determined with single-molecule motility 
assays and proved to be similar to the wildtype value (HKin391-S43C: 0.86 µm 
(Figure 4.3); HKin 560: 0.83 µm (Lakamper et al., 2003)). In terms of velocity and 
runlength, the FRET construct HKin391-S43C behaved like the wildtype, indicating 
that the kinetic cycle is not altered due to the point mutation.  
 
Figure 4.3 Runlength of HKin391-S43C. 
The average runlength of labelled FRET constructs (here HKin391-S43C labelled with 
Atto488) was measured in the TIRF assay (single-molecule motility assay). The 
measured runlengths were plotted into a histogram, which was than fitted with an 
exponential decay (τ = 0.86 µm). Runlengths below 1 µm are underestimated due to 
the limited time resolution of 200 ms/frame. Therefore they are not included in the fit 
(indicated by hatched bar). 
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4.3.4 Confocal assay 
Due to the restricted time resolution for single molecule assays in the TIRF 
microscope (150 - 300 ms integration time of CCD camera), we chose another 
microscopic setup with shorter sampling rates. The method of choice was a confocal 
microscope, which was especially build for sensitive single-molecule measurements 
with molecular motors (Verbrugge et al., 2007). With this setup it is possible to image 
with sub-millisecond time-resolution. In contrast to conventional confocal 
microscopes, this setup moves the sample with a piezo-table instead of scanning with 
the confocal spot through the sample. 
The motility assay is in principle the same as with the TIRF setup (Figure 4.4). The 
major difference is that surface attached microtubules are labelled with a dye having 
similar spectral properties as the dye of molecular motor. The confocal spot is placed 
in the middle of a microtubule, which is then bleached in this spot to reduce 
background fluorescence.  
 
Figure 4.4 Principle of confocal measurements. 
The microtubule is attached to the glass via a positively charged surface. Casein 
prevents nonspecific sticking of the kinesin to the glass. Labelled kinesins run on the 
microtubule through the confocal spot, where the fluorophore is excited. (from 
Verbrugge et al., 2007) 
Labelled kinesins walk through the confocal spot and show up as bell-shaped peaks 
in fluorescence time traces. This is because the excitation intensity of the confocal 
volume is Gauss-distributed and the emission of kinesin-bound fluorophore is 
proportional on the excitation intensity. The closer the kinesin is to the spot centre the 
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higher is its emission intensity. Therefore, the fluorescence of a labelled kinesin 
moving at constant velocity through the confocal spot will appear as a Gaussian peak 
in a fluorescence time trace (Figure 4.5). A "single-photon-counting" avalanche 
photodiode measures the time between photon arrivals with 12.5 ns time resolution. 
The arrival times are binned into time intervals, usually 10 ms, and displayed as time-
intensity traces (Figure 4.5). The original arrival times are stored on the main board 
and are available for analysis. 
These measurements showed that Atto488-labelled kinesins blinked at a 10-100ms 
range. This is exactly the time range of interest and makes the dye useless for our 
experiments. All following experiments were performed with Alexa555-labelled 
kinesins (Figure 4.5). 
 
 
Figure 4.5 Example trace of HKin391-S43C with saturating ATP. 
Fluorescence intensity traces obtained when the confocal spot was positioned on a 
locally bleached microtubule. The time trace of 9 s shows two events, with comparable 
amplitude. These events are due to a motors landing before the confocal spot, walking 
in and through it and consequently showing a complete Gaussian profile. This 
Gaussian profile can be used to determine the velocity of the motor, when the spot 
size is known. 
The Gaussian shape of the events indicates that the kinesin’s velocity is constant 
during the passage through the confocal spot. Since the detected emission intensity 
is proportional to the location in the confocal point, the motor’s velocity can be 
calculated from the ratio of the spatial width (obtained from Gaussian fit to images of 
single fluorophors; σ = 100 ± 3 µm) of the confocal spot and the temporal width of an 
event (also σ of Gaussian fit). The average of the temporal widths at saturating ATP 
is 151 ± 5 ms. Therefore, an average velocity of 0.66 ± 0.02 µm/s can be calculated. 
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The average value obtained in this assay is slightly lower than our value from TIRF 
assays (0.77 µm/s). This difference can be due to different buffer and temperature 
conditions (see Material and Methods). 
To further characterise the behaviour of the FRET construct in the confocal assay, the 
velocity was measured at different ATP concentrations. These data were analysed 
with Michaelis-Menten kinetics and yielded in a Vmax of 0.63 µm/sec and a Km value of 
19.5 µM ATP (Figure 4.6). These values show that the construct behaves as wildtype 
and will furthermore help to interpret data obtained with fluorescent ATP. 
 
Figure 4.6 Michaelis-Menten kinetics measured with the confocal setup. 
The graph shows the average velocities of the HKin391-S43C construct at different 
ATP concentrations. The data points were fitted with a hyperbola and revealed a Vmax 
of 0.63 µm/s and Km of 19.5 µM ATP. (with courtesy of S. Verbrugge, VU Amsterdam)  
4.3.5 Measuring single ATP events 
One of Kinesin-1´s astonishing properties is its stepwise movement over long 
distances without detachment from the microtubule. This processive behaviour can 
be explained by the hand-over-hand or alternating-site model, which is now 
commonly accepted (Hackney, 1995; Ma and Taylor, 1997; Yildiz et al., 2004). These 
models suppose that conventional kinesin walks along the microtubule like an orang-
utan moves with its hands along a rope. One head is always attached to the 
microtubule and for a certain time both heads bind simultaneously. Afterwards the 
heads exchange roles and the leading head becomes the trailing one. The chemo-
mechanical cycles of the heads are dependent on each other and well coordinated. 
The nucleotide of the detached head is not released until an ATP binds to the 
microtubule-bound head (Figure 4.7). As a consequence, one ATP is bound longer 
than half of the total kinetic cycle (for two heads), which corresponds one 8 nm step 
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(red arrows, Figure 4.7). With the experimental setup described before, it is possible 
to measure the binding time of ATP during one kinetic cycle. The overlapping time, 
where two nucleotides are bound can be calculated from the velocity (time for one 8 
nm step). In particular it would be interesting, how this overlapping time depends on 
the overall ATP concentration. Although it is thought, that the events following ATP 
binding are independent from the ATP concentration it has never been shown 
directly. 
 
Figure 4.7 Kinetic model of the chemo-mechanical cycle with fluorescent ATP. 
The figure shows one complete kinetic cycle, meaning one 8 nm step of every head. 
Microtubules are shown in blue and kinesin in black with one light- and one dark-grey 
head. Fluorescent nucleotides are displayed in red, non-fluorescent in white and 
black. The light-grey head is tightly bound to the microtubule in a no-nucleotide state, 
while the dark-grey ADP-bound head is weakly bound and free for diffusive search of 
the next microtubule binding site. Upon fluorescent ATP binding the dark-grey head 
releases its nucleotide and binds tightly to the microtubule. With binding of the 
fluorescent ATP the energy from the excited fluorophore at the motor domain of the 
light-grey head can be transferred to the acceptor fluorophore at the ATP. The cycle 
continues with hydrolysis, phosphate release and binding of a new ATP (this time non-
fluorescent) to the dark-grey head. This continuation is triggered by the release of 
fluorescent ADP from the light grey head (end of FRET signal). The cycle can be 
divided in a FRET (red arrow) and No-FRET part. The time of FRET is supposed to be 
longer than for No-FRET, because of the overlapping time, where a nucleotide is 
bound to each head. The black arrows indicate one 8 nm step each. (T: ATP; D: ADP; 
NN: no nucleotide; P: phosphate) 
The first experimental step was to see whether the FRET construct can walk with 
fluorescent ATP and if it is possible to resolve single ATP bindings in the confocal 
setup. Therefore we added 1 µM fluorescent ATP to the sample, which is far below 
the Km value. At this concentration HKin391-S43C is supposed the walk about 0.03 
µm/s, corresponding to 3-4 steps per second (estimated from Michealis-Menten 
kinetics with non-fluorescent ATP (Figure 4.6)). At this velocity one Gaussian curve is 
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too shallow and too long to detect its shape. However, at such low fluorescent ATP 
concentrations it was possible to image both the donor and the acceptor channel. 
Due to a low labelling ratio only one kinesin head is labelled and every second step 
contains a FRET signal, which is represented by anti-correlated fluorescence intensity 
levels (Figure 4.8). Every intensity change illustrates one single step of a single 
kinesin. This is a strong indication that HKin391-S43C can walk with fluorescent ATP 
and that binding events of single ATPs can be detected. 
 
Figure 4.8 Consecutive traces with only fluorescent ATP. 
These traces show a single-head labelled kinesin (S43C, Alexa555) walking through 
the confocal spot at 1 µM Alexa647-ATP for over 20 s in two consecutive acquisition 
units (raw data is stored on main board after 10 s). The acceptor intensity level (red) 
alternates with the donor intensity level (black), showing the alternation of the labelled 
head (FRET) and the unlabelled head (no FRET).  
Due to the high fluorescent background traces in the acceptor channel became too 
noisy at fluorescent ATP concentrations over 1 µM. Therefore, fluorescent ATP was 
mixed with non-fluorescent ATP to increase the overall ATP concentration. A 
convenient concentration was 5 µM non-fluorescent ATP and 0.3 µM fluorescent 
ATP. Under these conditions it was possible to detect Gaussians and to image in both 
channels with reasonable noise (Figure 4.9). 
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Figure 4.9 Example trace with small amounts of fluorescent ATP mixed with non-
fluorescent ATP. 
This trace shows a single-head labelled kinesin (S43C, Alexa555) walking through the 
spot at 5 µM non-fluorescent ATP mixed with 0.3 µM Alexa647-ATP. The donor 
channel (black) shows a complete bell-shaped intensity-time trace with one dip in the 
fluorescent intensity on the top. The acceptor intensity (red) is enhanced at the same 
time, which is due to a single fluorescent binding event. In this case it was bound for 
110 ms. 
Due to the unfavourable ratio of fluorescent ATP to non-fluorescent ATP (1:16.7) 
these binding events were rare. Nevertheless, it was possible to determine the ATP 
binding time of 22 individual traces, with a mean value of 113 ± 12ms (Figure 4.10). 
 
Figure 4.10 Distribution of fluorescent ATP binding times. 
Measuring single ATP binding events at 5 µM non-fluorescent ATP mixed with 0.3 µM 
Alexa647-ATP (n = 22) yielded in a histogram with a mean value of 113 ± 12 ms. 
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According to the Michaelis-Menten parameters, the average speed at 5 µM ATP is 
0.13 µm/s.  Therefore, one 8 nm step lasts 62 ms. The overlap is therefore calculated 
to be 51 ms, which means that for 51 ms two nucleotides are bound to kinesin. This 
value is probably overestimated, because kinesin walks slower with fluorescent ATP 
(Vmax: 0.21 µm/s, personal communication S. Verbrugge), but it is not clear if this 
reduced velocity is due to a slower on- or off-rate of the fluorescent ATP. Only a lower 
off-rate would affect the measured ATP-binding time. However, we show for the first 
time, that it is possible to measure single ATP-binding events on single kinesins with 
millisecond accuracy. 
4.4  Discussion and future prospects 
The combination of FRET and confocal microscopy made it possible to measure 
single ATP-binding events. Although several groups succeeded to perform single-
molecule FRET, none of them measured with such high acceptor concentrations and 
such a fast sampling rate. They used FRET either as a marker for conformational 
changes within one molecule (Mori et al., 2007; Slaughter et al., 2005; Tomishige et 
al., 2006) or the interaction of two molecules at equimolar concentrations (Kapanidis 
et al., 2006; Lee et al., 2005; Steigmiller et al., 2004). In our experiments, the 
concentration of the acceptor (0.3 -1 µM) was three orders of magnitudes higher than 
the concentration of the donor (0.1 – 0.5 nM). The ratio could be increased even 
more, if only the donor channel would be imaged. Because with increasing amounts 
of acceptor, the detecting avalanche diode is saturated.  
This is the first time that we have direct insight into the chemo-mechanical cycle of 
kinesin-1 with millisecond time resolution. All single molecule motility assays with 
kinesin up to now were performed with a TIRF microscope and had imaging rates of 1 
-60 frames/s (Lakamper et al., 2003; Mori et al., 2007; Tomishige et al., 2006; Yildiz 
et al., 2003). 
This project is not only experimentally novel, but will also answer questions of 
conventional kinesin´s mechanism. First experiments already showed that ATP is 
bound longer than half of the kinetic cycle. As a consequence it can be calculated 
how long two nucleotides are bound to the motor protein. Most kinesin researches 
assume in their model, that all reactions after ATP binding are ATP concentration 
independent (Cross, 2004; Gilbert et al., 1998; Schief et al., 2004). This would mean 
that the time where two nucleotides are bound is ATP concentration independent and 
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that only the ATP waiting time is concentration dependent. However, neither the 
overlapping time nor dependence on ATP concentration has been measured directly. 
In addition to the experiments reported above we also measured single-molecule 
kinetics in dependence of the ATP concentration. Traces at higher ATP 
concentrations up to 40 µM showed the expected faster velocities and shorter 
nucleotide binding times. However, due to the worse signal-noise ratio the manual 
analysis described in the Results section was not applicable any more. Attempts to 
detect binding times by autocorrelation are underway but turned out to be difficult to 
interpret. Although it was possible to generate autocorrelation curves with high quality 
with non-fluorescent ATP, it was not possible to extract the actual ATP binding times 
from curves with fluorescent ATP. The mathematical problem still remains to be 
solved and needs further investigation. A method like this could deliver the ATP 
binding times at high fluorescent ATP concentrations. Especially measurements with 
fluorescent ATP only, are of great interest. Due to different affinities and off-rates of 
the two ATP derivates, cycle time and ATP binding times can not be compared 
directly in mixed experiments, but in experiments with only fluorescent ATP. 
However, we showed that our FRET construct in combination with the novel confocal 
setup provides a tool to look directly into the chemo-mechanical cycle of conventional 
kinesin. These data will yield answers to the question whether the reactions followed 
by the ATP binding event are ATP concentration dependent or not and how long 
these reactions take. 
4.5  Material and Methods 
4.5.1 Cloning, protein expression and purification 
The used constructs are derived from the human conventional kinesin gene encoding 
560 aa and no surface exposed cysteins (pHK560). This construct was truncated 
after the dimerisation domain (391 aa) and selected wildtype residues were changed 
to cysteines using a PCR-based mutagenesis protocol (Stratagene QickChange, La 
Jolla, USA). These cysteines are close to the ATP binding pocket (S43C and T217C). 
Cloned in an expression vector (pET17b; Novagene, Madison, USA), the plasmids 
were transformed to the BL21Ril E.coli strain for expression. The proteins were 
purified sequentially with a phosphocellulose column followed by a HiTrap Q-
Sepharose (GE Healthcare, Uppsala, Sweden) column on a FPLC system 
(Amersham Pharmacia Biotech, Buckinghamshire, UK). The protein concentration 
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was determined with a Coomassie Brilliant Blue based test (BioRad, Hercules CA, 
USA) and the degree of purity was estimated from a SDS-PAGE.  
4.5.2 Protein labelling and spectroscopic assay 
The purified motor protein was labelled with Atto488-maleimide (Attotec, Jena, 
Germany) or AlexaFluor555-maleimide (Invitrogen, Carlsbad CA, USA) by adding the 
dye (dissolved in DMSO) in a 4-fold excess over kinesin monomers and incubating for 
45 min on ice. Free dye and inactive motors were separated from the labelled and 
active kinesins with microtubule co-sedimentation. Therefore, microtubules were 
decorated with labelled kinesin via AMP-PNP (non-hydrolysable ATP analogue) and 
sedimented through a 50% sucrose cushion by ultracentrifugation (80 000rpm, 
Beckmann Optima TL, TLA 100 rotor). The pellet was resuspended with ATP-
containing BRB80 buffer, with the effect of releasing kinesin from the microtubules. 
The microtubules were again sedimented, while kinesins remained in the 
supernatant. After a second release step, the supernatants were combined and shock 
frozen in liquid nitrogen after addition of 10% glycerol. The dye concentration was 
determined in a spectrometer and the protein concentration with a Coomassie Brilliant 
Blue based test (BioRad, Hercules CA, USA). The usual labelling ratio was 1 
fluorophor per 2 kinesin monomers. 
To confirm FRET, the release steps were done with 1 mM fluorescent ATP (Cy3 or 
Alexa647). By using an Amicon Ultra4 Centrifugal Filter device (Molecular weight cut-
off: 10 kDa; Millipore, Billerica, USA), the protein was concentrated, but the unbound 
fluorescent ATP could pass the membrane. The remaining protein solution was 
diluted and concentrated for three times to get rid of the majority of unbound 
fluorescent ATP. The emission intensity was scanned (donor Atto488: 510-650 nm, 
excitation 488 nm; donor Alexa555: 555-750 nm, excitation 535 nm) in a fluorimeter 
to confirm FRET. As a control, unfluorescent ATP was added to replace the 
fluorescent ATP in the binding pocket and another emission scan was performed. 
4.5.3 TIRF assay 
Biotin-labelled microtubules were fixed on the surface of a flow chamber which was 
incubated with 2 mg/ml BSA-biotin (Sigma-Aldrich Co., St. Louis, USA) and 
subsequently with 1 mg/ml Streptavidin in BRB80+ buffer and 20 µM taxol. After 
washing with 1 mg/ml BSA in BRB80+ motility mix (0.1-0.5 nM Atto488-labeled 
kinesin, 20 µM-2 mM ATP, oxygen scavenger (see above), 0.2 mg/ml casein, 100 
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mM KCl in BRB80+) was flushed in. The gliding activity was observed in an Olympus 
IX71 TIRF microscope with an excitation wavelength of 488 nm and a Hamamatsu C-
9100 front-illuminated CCD-camera. The optical resolution was 160 nm per 2x2-
binned pixel; the integration time was 200 ms. 
Velocities and runlengths were measured using the manufacturer´s software 
(Olympus Biosystems GmbH, Planegg, Germany). For statistical analysis SigmaPlot 
2000 Software (Systat, Point Richmont, CA, USA) was used. 
4.5.4 Confocal assay 
The confocal assay and setup is describes in detail in (Verbrugge et al., 2007). 
Briefly: 
Flow chambers were made with doublesticky tape. Microtubule seeds were 
polymerised by mixing 7.5 mM unlabelled tubulin, 2.5 mM tetramethylrhodamine 
(TMR)-labelled tubulin and 1 mM GMP-CPP (Jena Bioscience, Jena, Germany)) for 
20 min at 36 °C. Afterwards they were stabilised with Pem80-taxol buffer (80 mM 
Pipes, 1 mM EGTA, 2 mM MgCl2, pH 6.8, and 10 µM taxol) and injected into the 
sample lanes. After washing and blocking with 0.4 mg/ml casein, a mix with kinesin 
motors was flushed into the sample lane, after which the sample was sealed with 
vacuum grease. In all experiments an oxygen scavenger system (20 mg/ml 
glucoseoxidase, 35 catalase mg/ml, and 25 mM glucose), 4 mM DTT or TROLOX, 
and 10 mM taxol were added. In experiments with ATP concentration lower than 100 
mM ATP an ATP regeneration system (10 mM phosphocreatine and 50 mg/ml 
creatine kinase) was added. 
The excitation-laser was coupled into an inverted microscope (TE-2000-U Nikon, 
Tokyo, Japan) with a 100x oil immersion objective (Nikon Plan Fluor, numerical 
aperture 1.3). Fluorescence was imaged on a CCD camera (CoolsnapHQ, 
RoperScientific, Tucson, AZ) or focused onto an avalanche photodiode (APD) 
(SPQM-AQR-14, PerkinElmer, Vaudreuil, Quebec, Canada). Photons detected by the 
APD are converted to digital pulses, which were time tagged with electronic 
counterboard (6602,National Instruments, Austin, TX) with 12.5-ns time resolution. 
Arrival times of detected photons were stored on a computer using custom-built 
Labview software (Labview 7.1, National Instruments). To accurately position the 
confocal spot and scan the sample, we used a feedback controlled piezo translation 
stage (P-561, Physikalische Instrumente, Karlsruhe, Germany). 
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Wide-field illumination and CCD camera detection were used to locate the 
fluorescently labelled microtubules. The sample was translated to position the 
confocal spot on a microtubule. Fluorophores on the microtubules were bleached 
before measuring the fluorescence of kinesins moving through the confocal spot. 
The width of the confocal spot was obtained by fitting a Gaussian to an image of 
microtubules (spot-like light source). The width (defined as σ of the Gaussian) was 
determined to be 100 ± 3 nm (mean ± SE). 
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5 Effect of spastic paraplegia mutations in 
KIF5A kinesin on transport activity 
5.1  Abstract 
Hereditary spastic paraplegia (HSP) is a neurodegenerative disease caused by 
motoneuron degeneration. It is linked to at least 30 loci, among them SPG10, which 
causes dominant forms and originates in point mutations in the neuronal Kinesin-1 
gene (KIF5A). Here, we investigate the motility of KIF5A and four HSP mutants. All 
mutations are single amino-acid exchanges and located in kinesin’s motor or neck-
domain. Three of these mutations either reduce microtubule affinity, or gliding 
velocity, or both. In laser-trapping assays, none of the mutants moves more than a 
few steps along microtubules. Motility assays with mixtures of homodimeric wildtype, 
homodimeric mutant, and heterodimeric wildtype/mutant motors reveal that only one 
mutant reduces the gliding velocity at ratios as present in heterozygous patients. 
Attached to quantum dots as artificial cargo, these mixtures show that mutant 
kinesins lead to populations of quantum dots that either do not bind to microtubules, 
or lag behind in transport. These observations suggest that in SPG10 patients, HSP 
develops due to less frequent and slower axonal transport events, leading to deficient 
supply of the synapse. 
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5.2  Introduction 
Kinesin superfamily proteins are typically ATP- and microtubule-dependent motor 
proteins (Woehlke and Schliwa, 2000). Members of the Kinesin-1 family (formerly 
conventional kinesins) are involved in intracellular long-distance transport, and 
especially important in axons and dendrites (Hirokawa and Takemura, 2004; 
Hirokawa and Takemura, 2005). Vertebrate Kinesin-1 motors consist of two heavy 
chains (KHC, 120 kDa) that are responsible for motor activity, and two light chains 
(64kDa, KLC) involved in cargo association (Vale and Fletterick, 1997). The N-
terminal motor domains of the heavy chains function as a microtubule-activated 
ATPase and generate force and motility. Each ATP hydrolysis is coupled to an 8 nm 
step towards the plus-end of the microtubule (Hua et al., 1997; Schnitzer and Block, 
1997). The characteristic, processive hand-over-hand type motility requires 
coordinated activity of two coupled motor heads (Hackney et al., 2003; Hancock and 
Howard, 1998).  
The slow and the fast anterograde components of axonal transport seem to arise at 
least in part from Kinesin-1 action (Barry et al., 2007; Brown, 2003; Shah and 
Cleveland, 2002). In vertebrates, one ubiquitous (uKHC or KIF5B), and two neuron-
specific forms of KIF5 (KIF5A or nKHC, and KIF5C) are known (Kanai et al., 2000; 
Navone et al., 1992; Niclas et al., 1994). There is strong evidence that KIF5A is the 
major anterograde motor for slow axonal transport of neurofilaments (Barry et al., 
2007; Xia et al., 2003).  
Mutations in KIF5A’s motor domain have recently been shown to cause hereditary 
spastic paraplegia (HSP), a disorder characterised by progressive spastic weakness 
of the lower extremities (Blair et al., 2006; Fichera et al., 2004; Lo Giudice et al., 
2006; Reid et al., 2002). It is a so-called ‘dying-back’ neuropathy because synapses 
degrade first (Casari and Rugarli, 2001; Gould and Brady, 2004). At least 30 genetic 
loci are linked to HSP, among them SPG10, which turned out to contain the gene for 
KIF5A (Reid et al., 2002). SPG10 patients have point mutations in one copy of KIF5A, 
and these mutations are responsible for the disease (Blair et al., 2006; Fichera et al., 
2004; Lo Giudice et al., 2006; Reid et al., 2002). Although the genetic cause of 
SPG10 is thus known today, the mechanism of pathogenesis is unclear. The 
inheritance is autosomal dominant, and therefore defective KIF5A alleles may lead to 
dysfunctional kinesin motors that inhibit microtubule-dependent transport directly. 
Judging from the literature, this mechanism is likely for one of the known mutants as a 
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similar mutation at the same position in Ncd and Kar3 led to a catalytically inactive, 
rigor microtubule-binding protein (Song and Endow, 1998). Alternatively, the patients 
may suffer from haplo-insufficiency, as proposed for SPG4 (Beetz et al., 2006). To 
find out which mechanism is more likely, we investigate here the properties of KIF5A 
and four of the known HSP mutants in enzymatic, motility and cargo transport assays.  
 
Figure 5.1 Location of HSP mutations. 
The figure shows a ribbon model of dimeric rat kinesin (3KIN) with stick 
representations of exchanged amino acids (red). ADP ligands are yellow, structures 
underlying the microtubule-binding site are green. 
We focus here on the three mutants found first (N256S, R280C and A361V; (Fichera 
et al., 2004; Lo Giudice et al., 2006; Reid et al., 2002)), and one unpublished mutant 
found by one of the co-authors (K253N; R.S.). Two of the mutations (K253N and 
N256S) are located in loop 11, which connects microtubule and ATP-binding sites 
(Figure 5.1). The third mutation (R280C) is located directly in the microtubule-binding 
site (Alonso et al., 1998; Woehlke et al., 1997). To avoid oxidation artifacts in vitro, we 
introduced a serine residue instead of a cysteine. The A361V mutation is located in 
the neck. For the characterisation of these mutants, we used his-tagged, bacterially 
expressed proteins comprising the first 391 amino acids of KIF5A (or KIF5A mutant), 
followed by part of KIF5B’s tail. The first coiled-coil of KIF5B’s tail is known to bind 
unspecific to glass and carboxylated surfaces, allowing easy surface attachment for 
gliding assays (Coppin et al., 1996; Jaud et al., 2006; Kallipolitou et al., 2001).  
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5.3  Results 
5.3.1 Motility and processivity 
To elucidate the basic properties of KIF5A and its HSP mutant forms, we performed 
multiple motor gliding assays. At high motor coating densities on glass coverslips the 
wildtype motor displaced microtubules at 0.73 ± 0.02 µm/s (± standard error of the 
mean, s.e.m.). Except for the A361V mutant that was indistinguishable from wildtype, 
all other KIF5A mutants were significantly slower (Table I and Figure 5.2). 
Noteworthy, only few microtubules bound to the R280S mutant, and if so the 
velocities varied widely (6 % standard deviation (s.d.) instead of 1 % for wildtype), 
suggesting a low microtubule affinity.  
To find out whether gliding activity of KIF5A mutants was based on a cooperative 
effect, we measured velocities in dependence of coating densities on the coverslip. 
We estimated a critical concentration below which no microtubule binding occurred, 
and measured gliding velocities at this concentration. Here, the wildtype motor 
showed an elevated velocity compared to high coating densities (0.88 ± 0.01 µm/s vs 
0.73 µm/s) but except for the A361V mutant all mutants were slightly slower (Table I; 
Figure 5.2).  
 
 
Figure 5.2 Multiple motor gliding. 
Velocities at different motor densities. The bar graph shows the mean microtubule 
velocities and s.e.m. in standard gliding assays at high (~1 µM) and low (critical 
concentrations, the lowest density where microtubule attachment occurred) motor 
surface densities. In contrast to wildtype and the A361V mutant, most mutant 
velocities slightly dropped at low density.  
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The critical concentrations of the mutants were quite different from wildtype, indicating 
largely altered microtubule affinities. The wildtype protein could be diluted to 19 nM. 
At this concentration microtubule single point attachments were observed, indicating 
that microtubules were tethered by only one kinesin motor (Hunt and Howard, 1993). 
None of the homodimeric mutants showed microtubules pivoting around a single point 
of attachment, suggesting that multiple motors are necessary to bind microtubules. 
Mutants also required up to one order of magnitude higher coating densities to 
promote microtubule motion, supporting that multiple motors are necessary for 
microtubule binding (Table I). The strongest effect was found in the R280S mutant 
(approximately 15-fold), in agreement with observations in high-density motility 
assays.  
As these observations suggested that none of the mutants was able to promote 
processive single-molecule motility, we investigated their motility in optical laser trap 
assays (Jaud et al., 2006; Svoboda et al., 1993). To this end, microtubules were 
immobilised on the coverslip, motors attached to carboxylated polystyrene beads, and 
finally trapped in a laser beam. Single wildtype KIF5A motors showed long processive 
runs (≥ 1 µm) and single 8 nm steps could be distinguished (Figure 5.3).  
 
 
Figure 5.3 Example trace of laser trapping experiments with wildtype KIF5A.  
The left y-axis shows displacements (nm), the right y-axis forces (pN). The example 
trace shows that wildtype KIF5A moves processively in steps of 8 nm. None of the 
mutants N253K, K256S or R280S produced similar traces. They only showed short, 
infrequent microtubule binding events at high densities and never moved in 
consecutive 8 nm steps. 
In stark contrast, none of the mutants showed displacements of more than a few nm. 
This type of bead motility was only observed at high kinesin densities at which steps 
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could not be discerned. These data suggest that the SPG10 mutants are no longer 
processive.  
5.3.2 Enzymatic activity 
To measure altered microtubule affinities quantitatively, and to determine enzymatic 
velocities, we measured the microtubule-dependent ATP turnover in steady state 
assays (Huang and Hackney, 1994; Schafer et al., 2003). As in motility assays, the 
N256S mutant was slowest but its microtubule affinity was only slightly decreased 
(Figure 5.4 and Table I). The K253N mutant reached two thirds of the wildtype kcat, 
and showed significantly increased microtubule half-maximal activation constants 
(K0.5,MT). The R280S mutant had such a low microtubule affinity that the assay did not 
allow adding saturating microtubule concentrations. Therefore, the extrapolated kcat 
and, as a consequence, K0.5,MT, are inaccurate. Still, they indicate that kcat is not 
significantly affected but that K0.5,MT is at least one order of magnitude higher than 
wildtype.  
 
Figure 5.4 Steady-state ATPase activity.  
The ATP turnover is plotted against the microtubule concentration and fitted using 
Michaelis-Menten kinetics. Maximal turnover rates (kcat) and half-maximal activation 
constants (K0.5,MT) were deduced from measurements of at least two independent 
protein preparations (Table I).  
As in gliding assays, the A361V mutant did not show any significant difference to 
wildtype. We suspected that it might be a thermosensitive mutant, but prolonged 
incubation at 37 °C did not lead to any defects in gliding. Why this mutation causes 
HSP is therefore unclear from our in vitro studies. Possibly, the mRNA stability is 
affected, or the mutation represents an accidental polymorphism (it was found in only 
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one patient (Lo Giudice et al., 2006)). For these reasons we did not investigate this 
mutant further.  
5.3.3 Heterozygous patients 
The above gliding and enzymatic assays suggested that KIF5A mutant motors 
involved in HSP either are slower (N256S), or have a reduced microtubule affinity 
(R280S), or both (K253N). However, these conclusions were based on observations 
of homodimeric mutant motors. In reality patients are heterozygous and possess one 
mutated and one intact KIF5A allele. If both alleles were expressed equally – and we 
did not find any reason why this should not be the case (Ding et al., 2004) – one 
expects three populations of kinesin dimers: homodimeric wildtype motors, 
homodimeric mutant motors, and heterodimeric motors with one wildtype and one 
mutant subunit at a stoichiometry of 1:1:2 (Figure 5.5). The question therefore is why 
the inheritance of SPG10 is dominant and patients develop the disorder despite one 
intact copy of the KIF5A gene.  
 
 
Figure 5.5 Expression levels in heterozygous patients.  
Expression model. Patients have one wild type allele and one mutated allele for Kif5A. 
Assuming equal expression of the two protein chains, kinesins possibly dimerise as a 
homo- or heterodimer in a 1:2:1 ratio (wildtype:heterodimer:homodimeric mutant). 
To address this question, we started using simple gliding assays with mixtures of 
wildtype and homodimeric mutant motors. We therefore mixed wildtype protein with 
homodimeric mutants at ratios from 50 % wildtype to 0.2 % wildtype, and observed 
the microtubule gliding velocity (Figure 5.6). One explanation for the dominant 
inheritance could be that the mutant motor slows down the microtubule gliding 
velocity in gliding assays of mixed motors. Only the N256S mutant behaved this way, 
and reduced the microtubule gliding velocity more than 2-fold at a 50:50 mixture of 
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wildtype and mutant motor (mixture: 0.39 ± 0.01 µm/s; wildtype: 0.88 ± 0.01 µm/s). 
The K253N mutant did not affect the velocity significantly below 99-fold excess, the 
R280S mutant interfered only slightly with the assay at a 500-fold excess (0.2% 
wildtype; Figure 5.6).  
 
Figure 5.6 Dominance in vitro.  
The bars and error bars represent average velocities and s.e.m. of mixtures of 
homodimeric wildtype and mutant motors at different ratios. Only the N256S mutant 
slowed down the microtubule velocity at equimolar stoichiometry to wildtype, the 
K253N and R280S mutants interfered only at large excess.  
These mixed gliding assays showed that only the N256S mutant has a dominating 
effect, and that the mutations K253N and R280S do not interfere with wildtype motility 
in vitro.  
5.3.4 Cargo transport assays 
To answer the question whether heterodimeric mutants (one wildtype, one mutant 
subunit) are dominant over wildtype motors, we did not use the simplistic multi-motor 
gliding assay but a modified bead assay to mimic the cellular situation more 
realistically. We coated quantum dots (serving as an artificial, fluorescent cargo) with 
a 1:2:1 mixture of mutant homodimer : heterodimer : wildtype homodimer (Figure 5.7). 
We added motor in a stoichiometric excess of five (total motor dimers over quantum 
dots), based on previous reports on vesicle transport in vivo (Ashkin et al., 1990; Hill 
et al., 2004; Miller and Lasek, 1985). Assuming a Poisson distribution, the majority of 
quantum dots are expected to be coated with 3-6 motors, 3-4 % with only one motor 
(Figure 5.7).  
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Figure 5.7 Poisson distribution.  
The histogram shows calculated frequencies of KIF5A motors on quantum dots, 
assuming a Poisson distribution with 5-fold molar excess of motors over quantum 
dots. The majority of quantum dots is expected to be coated with three to six motors, 
approximately 3.5% of the quantum dots are coated with one motor, less then 24% 
are coated with more then six motors.  
To understand the effect of defective motors on quantum dot transport we first 
measured the velocities of quantum dots. We added motor-coated quantum dots to a 
flow cell that had been prepared to contain surface-attached microtubules. We then 
recorded the quantum dot motility and analysed it using kymograms (Figure 5.8). The 
velocities were determined from the slopes of phases of uninterrupted movement and 
plotted into a histogram. 
 
Figure 5.8 Kymograms of quantum dot motility.  
Video sequences were reduced to one dimension along the length of a microtubule (y-
axis; scale bar 5 µm), and resolved in time along the x-axis (1 min in total). Bright lines 
are moving quantum dots, their angles reflect the velocity. As an example, quantum 
dots coated with the N256S mutant move visibly slower than wildtype-coated dots.  
In these assays, wildtype KIF5A transported quantum dots at a velocity of 0.79 ± 0.02 
µm/s, comparable to velocities in conventional gliding assays. The K253S mutant 
displaced the cargo at a similar mean velocity (0.78 ± 0.01 µm/s) but showed a 
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second peak in the histogram at lower velocities (Figure 3B). The N256S mutant 
slowed down the mean velocity modestly to 0.74 ± 0.07 µm/s. Here, the fraction of 
slowly moving quantum dots was much more pronounced and led to a clear increase 
of the standard deviation (0.26 µm/s instead of 0.21 µm/s). From a theoretical point of 
view, we expect three overlapping Gaussian distributions originating from three dimer 
populations. As indicated by curve fitting (data not shown), the variances of the 
velocities are too wide to distinguish the populations clearly.  
In contrast to the other two mutants, the R280S mutants showed a slightly faster 
mean velocity in the cargo transport assay (0.83 ± 0.03 µm/s). Possibly, the extremely 
low microtubule affinity of the mutant reduces the effective density of motor heads on 
the surface of the cargo. As in multiple motor gliding assays, this may have led to a 
higher velocity. These considerations suggest that cargo velocities in patients with the 
R280C mutation are not significantly altered.  
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Figure 5.9 Cargo transport assay. 
Histograms of velocities and transport frequencies. The histograms show velocity 
distributions of quantum dots coated with mixtures of wildtype and mutant KIF5A. The 
quantum dots were incubated with a 5-fold stoichiometric excess of motors. The 
mutants were tested as mixtures of 25 % wildtype, 50 % heterodimeric and 25 % 
homodimeric mutant motors, the ratio expected in patients. The velocities of wildtype 
KIF5A were distributed nearly Gaussian with a mean velocity of 0.79 µm/s and a 
standard deviation of 0.21 µm/s. Mutant mixtures led to similar maximal velocities, but 
the K253N and N256S mutants caused more frequent slow events. The distribution of 
K253N velocities is clearly bimodal, that of N256S blurrier but clearly extended to slow 
velocities (standard deviation 0.26 µm/s). The R280S mutant did not show an altered 
distribution because mutant-coated quantum dots rarely bound to microtubules. Next 
to the histograms bars indicate the fraction of motile quantum dots of all binding-
competent quantum dots. This number was determined by comparison of microtubule-
bound quantum dots in the presence of ATP and AMP-PNP, and standardised with 
regard to wildtype (see Material and methods). The error bars are standard errors 
from assays on two independent protein preparations.  
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Therefore, other defects have to cause the disease, possibly the amount or rate of 
cargo particles arriving at the synapse. 
A reduced arrival rate of cargo particles could also result from a larger fraction of 
cargo particles unable to bind to microtubules. For this reason we added AMP-PNP to 
the quantum dot motility assay after three movies, and then counted the number of 
immobilised quantum dots per microtubule length. We then compared this number to 
the number of previously moving quantum dots per microtubule length and time of the 
same sample, and finally calculated a relative binding ratio. We set the ratio to 100% 
for wildtype, and compared the mutants with wildtype. The relative binding ratio of 
K253N- and R280S-coated quantum dots dropped to less than 60 % (Figure 5.9; 
mean of two independent protein preparations). The N256S mutant did not differ 
significantly from wildtype, suggesting that the N256S mutant does not reduce the 
cargo-microtubule binding frequency, but the K253N and R280S mutants do so.  
Is this conclusion also valid for motor/cargo stoichiometries other than 1:5, as chosen 
in our assays? Most likely, the effect is even more pronounced at lower coating 
densities, and decreases if more than five motors bind to one cargo particle. This 
follows from Poisson statistics, which applies if wildtype/mutant dimers form 
randomly, and attach to quantum dots randomly (Figure 5.7). Our motility assays 
show that the slower moving quantum dot population causes approximately 10-30 % 
of the motility events, in agreement with a Poisson distribution. As the cargo-binding 
site is unaffected in HSP mutants, a Poisson distribution is also likely for the cargo-
attachment of microtubule affinity mutants.  
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Table I Properties of HSP kinesin mutants  
Every value is the averages of two independent protein preparations ± s.e.m.. Velocities of gliding assays were determined by averaging the 
velocity of 20 microtubules. Here the s.e.m. was always below 0.06 µm/s. Velocities in Cargo Assay were determined by measuring more then 
150 data points. SEM was in every case below 0.02 µm/s. 
Gliding Assay ATPase Assay Cargo Assay 
 Velocity [µm/s] 
(High density) 
Velocity [µm/s] 
(Critical conc.) 
Critical conc. 
[nM] 
Kcat  
[ATP/s] 
K0.5,MT 
[µM] 
Velocity 
[µm/s] 
Relative 
Activity [%] 
WT 0.73 ± 0.02 0.88 ± 0.01 19-22 a 17.58 ± 2.50 0.95 ± 0.25 
0.79 ± 0.02 
σ = 0.21 
100  
K253N 0.36 ± 0.01 0.28 b 110 b 10.55 ± 0.06 7.68 ± 3.63 
0.78 ± 0.01 
σ = 0.23 
56.5 ± 2.5 
N256S 0.17 ± 0.01 0.16 ± 0.02 100-220 a 4.75 ± 1.31 0.43 ± 0.16 
0.74 ± 0.07 
σ = 0.26 
93.5 ± 18.5 
R280S 0.59 ± 0.03 0.41 b 340 b n/a n/a 
0.83 ± 0.03 
σ = 0.20 
59.5 ± 0.5 
A361V 0.83 ± 0.01 0.92 ± 0.03 50-180 a 9.75 ± 4.54 0.62 ± 0.00 n/d n/d 
(n/a: not applicable; extrapolation unreliable; n/d: not determined) 
a data only of one protein preparation available 
b first protein preparation – second protein preparation 
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5.4  Discussion 
Spastic paraplegia patients belonging to the SPG10 group develop the disorder due 
to mutations in the KIF5A gene (Blair et al., 2006; Fichera et al., 2004; Lo Giudice et 
al., 2006; Reid et al., 2002). As the degeneration starts from synapses of long 
motoneurons, and KIF5A is one of the major anterograde motors of neuronal 
transport, the lack of kinesin cargo delivery at the axon tip is the likely reason for 
degeneration. There are two possible explanations why mutated KIF5A decreases the 
arrival rate of cargo at axon tips. Either, mutated kinesins act as brakes for cargo 
particles or even block microtubule tracks, or they are microtubule-binding 
incompetent and compete for binding sites at the cargo that then are inaccessible for 
intact motors. Both models could explain the dominant inheritance of SPG10. Our 
data suggest that the second model is likely for two of the mutants (N253K and 
R280C) because they do not interfere significantly with wildtype KIF5A in several 
types of motility assays. They have low microtubule affinities, indicating that they do 
not act as roadblocks (Figure 5.10). The first model may apply to a third mutant 
(N256S), which shows similar microtubule affinities as wildtype and slows down 
microtubule gliding velocities at equimolar amounts to wildtype (Figure 5.10). 
Noteworthy, this mutant does not bind microtubules in rigor, as expected from similar 
mutations in Kar3 and Ncd (Song and Endow, 1998). Here, the N to K exchange at 
this position decoupled microtubule binding and catalytic activity, leading to a 
constitutively tight microtubule-binding mutant.  
 
Figure 5.10 Motility defects in HSP mutant kinesins.  
The four investigated HSP mutant KIF5A motors show different defects in vitro. The 
velocity defect was deduced from conventional in vitro gliding assays on homodimeric 
mutants, the affinity defect from landing rates of microtubules to coated glass surfaces 
and ATPase assays, the dominance from the ability of the mutant to reduce the gross 
gliding velocity in mixed motor gliding assays, the transport frequencies from the ratio 
of quantum dots that bind to microtubules in the presence of AMP-PNP but not attach 
with ATP. n/d – not determined.  
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How is axonal transport affected by these molecular defects? In our experiments we 
addressed this question in transport assays with artificial cargo. We mimicked the 
situation in patients - all known patients are heterozygous - by mixing wildtype motors 
with homo- and heterodimeric mutants. These assays revealed that the presence of 
mutant motors leads either to slow moving cargo populations, or populations that 
almost never bind to microtubules, or both. As a result, the anterograde transport 
frequency will be lower, and the arrival of the cargo transported by mutant motors at 
the synapse largely delayed. This effect might be enhanced by the presence of 
retrograde motors at the cargo that could dominate the gross transport.  
As discussed above, this explanation holds true even if cargo particles were 
transported by more or less than five motors, the number used in our assays. With 
fewer motors per cargo particle, the fraction of poorly transported cargo would even 
be larger because kinesins seem to attach to quantum dots randomly, leading to a 
Poisson distribution of the numbers of motors per cargo (Figure 5.7). Accordingly, a 
lower coating density makes it more likely to find cargo particles attached to mutant 
motors only, leading to a more pronounced phenotype.  
It is not exactly known how many motors are involved in the transport of cellular cargo 
in vivo. Electron microscopy indicates that several motor proteins are present at one 
cargo vesicle, and the excess of five chosen in our assays is realistic (Ashkin et al., 
1990; Hill et al., 2004; Miller and Lasek, 1985). Such vesicles have been suspected to 
be the cargo in fast axonal transport (Barry et al., 2007). Molecular evidence suggests 
that Kinesin-1 is a major player in fast anterograde axonal transport, and therefore 
our experiments might be directly applicable to neurons (Barry et al., 2007; Shah and 
Cleveland, 2002). The K253N and R280S mutants would diminish the fraction of 
transported cargo, the N256S heterodimer mutant would slow down each cargo 
vesicle it is attached to.  
Alternatively, axonal degeneration in HSP patients might be induced by altered slow 
axonal transport. The most likely cargo of slow transport are neurofilaments, and 
there is strong evidence that KIF5A is the major anterograde motor for transport of 
neurofilament precursors (Barry et al., 2007; Xia et al., 2003). It is unknown, however, 
how many motors are attached to one neurofilament precursor complex. Still, the lack 
of neurofilament supply to the synapse is a plausible reason for neurodegeneration, 
as the mouse knockout mutants of several neurofilament components and the 
conditional mouse KIF5A knockout lead to neurodegeneration (Yuan et al., 2006).  
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Figure 5.11 Model for emergence of transport defects.  
According to theoretical models the anterograde axonal transport rate is determined 
by cargo binding and detachment frequencies, and the velocity and runlength of 
microtubule-attached cargo (Brown et al., 2005; Craciun et al., 2005). The mutants 
K253N and R280S diminish cargo attachment rates (shorter arrow), the mutants 
K253N and N256S the velocity of cargo.  
The velocity of the slow axonal transport component is much slower than the velocity 
of KIF5A, and seems to emerge due to frequent, long pauses of the cargo. They 
make up 97 % of the time and are likely to involve a number of regulatory steps 
(Brown et al., 2005; Craciun et al., 2005). We imagine that the HSP KIF5A mutants 
N253K and R280C still possess the regulatory mechanisms of wildtype but rarely bind 
to microtubules in the activated state (Figure 5.11). The K256S mutant will bind as 
frequently as wildtype but move slower. This, again, would lead to infrequent arrival of 
cargo at the synapse and would be enhanced by the presence of normal retrograde 
motors.  
Regardless of which component is affected the gross effect of the investigated HSP 
mutations on cargo transport is amazingly mild. SPG10 patients still have 25 % 
wildtype KIF5A dimers, and mixed motor assays indicate that the majority of cargo 
particles still move at wildtype rates, even in the presence of mutant motors. This may 
explain the late onset of the disease in patients with the K253N (R.S., unpublished) 
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and the R280S mutation at ages between the second and the forth life decade (Blair 
et al., 2006; Fichera et al., 2004; Lo Giudice et al., 2006; Reid et al., 2002). The 
N256S mutation leads to more severe effects and has a dominant effect in vitro, 
correlating with an early onset of clinical symptoms before the age of 20. It will be 
interesting to investigate the mutants in a cellular environment that includes 
regulatory mechanisms for kinesin activity and retrograde motors at the cargo. 
Retrograde motors are likely to enhance the lag between slow and normal cargo 
populations. Still, the basic effects of the K253N, R280S and N256S mutations on 
transport are clear from our experiments and may open ways to suppress the 
progress of neurodegeneration, possibly by introducing excess KIF5A wildtype motor.  
5.5  Materials and methods 
5.5.1 Cloning, protein expression and purification 
All constructs are based on a synthetic gene encoding the N-terminal 391 amino 
acids of KIF5A and its mutants (Sloning GmbH, Puchheim, Germany), cloned into a 
pET 24a vector (Merck, Darmstadt, Germany). 160-amino acids of the human kinesin 
(uKHC or KIF5B) tail were added by cloning and followed by a Strep- or His-tag 
sequence (Qiagen, Hilden, Germany). For the expression of heterodimers the inserts 
of Strep-tag mutant vectors were cloned into the His-tag wildtype vector. 
Homodimeric protein was expressed in E.coli; lysed and purified in a phosphate 
buffer (50 mM Na2HPO4, 250 mM NaCl, 2 mM MaCl2) over Ni-NTA-columns, followed 
by a Q-Sepharose anion exchange column in pipes buffer (25 mM Na-Pipies, 2 mM 
MaCl2, 1 mM EGTA, pH=6.9). Heterodimers were tandem purified by a Ni-NTA-
column, followed by a Strep-Tactin column. Protein concentrations were determined 
by a Bradford test (BioRad, Hercules, USA) or from a SDS-Gel with a BSA 
concentration series (analysis with ImageJ). Microtubules were prepared from pig 
brain tubulin and polymerised as described (Mandelkow et al., 1985), the Atto488 
(AttoTec, Siegen, Germany), tetramethylrhodamine and biotin labelled tubulin was 
obtained as published (Hyman et al., 1991).  
5.5.2 ATPase assay 
Microtubule activated steady-state ATPase rates were determined in a coupled 
enzymatic Assay (Huang and Hackney, 1994; Kallipolitou et al., 2001). The assay 
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was performed in 12A25+ buffer (12.5 mM AcesKOH, 25 mM potassium acetate, 5 
mM MgCl2, 0.5 M EGTA, pH 6.8) at 22 °C. The measurements were done at 
increasing microtubule concentrations; the kcat was obtained from the extrapolated 
turnover at infinite microtubule concentration. K0.5,MT was determined at an ATP 
concentration of 1 mM. All values were determined on two independent protein 
preparations. 
5.5.3 Gliding assays 
A flow cell was incubated for 5 min with hTail-tagged motors in dilution buffer (10 mM 
ATP, 1 mg/ml BSA, 150 mM NaCl in BRB80+ (80 mM PIPES·KOH, pH 6.8, 5 mM 
MgCl2, 1 mM EGTA)). After washing with blocking buffer (1 mg/ml BSA in BRB80+), 
the flow chamber was filled with Atto488-labelled microtubules in motility buffer (2 mM 
ATP, 20 µM taxol, 1 mM DTT, 0.1 mg/ml glucose oxides, 0.37 mg/ml casein, 0.02 
mg/ml catalase, 2.25 mg/ml glucose). All Assays were performed at 22°C. Gliding 
microtubules was observed by total internal reflection microscope (see below) and the 
velocity 20 microtubules was measured using the manufacturers’ software (Olympus 
Biosystems GmbH, Planegg, Germany). All measurements were based on two 
independent protein preparations. 
5.5.4 Laser Trapping assay 
Optical trapping experiments were performed in a custom built optical trap described 
(Finer et al., 1994) . Beads were captured in the beam of a 8 W Nd:YAG laser 
(Coherent Deutschland GmbH, Germany) focused through a high numerical aperture 
objective (NA=1.45, Olympus Deutschland GmbH, Germany). The position of trapped 
beads was detected by bright field imaging onto a quadrant diode (SPOT4D, UDT 
Sensors Inc., CA, USA). Data were acquired by an A/D converter board (NI-PCI-
6259, National Instruments, Germany) with a sampling frequency of 40 kHz per 
channel and stored without prior filtering. Fluorescently labelled microtubules were 
fixed to the glass surface of a flow chamber by the use of the biotin-streptavidin 
system (see above) and imaged with TIRF. Kinesin molecules were allowed to adsorb 
to carboxylated polystyrene beads (532 nm, Polysciences Inc., USA) as described 
(Jaud et al., 2006). Data from optical trapping experiments were analysed using 
IGOR Pro 4.01 (WaveMetrics, Portland, OR, USA).  
Chapter 5: Effect of spastic paraplegia mutations in KIF5A kinesin on transport 
activity 
 
- 81 - 
5.5.5 Quantum dot assays 
Biotin- and tetramethylrhodamine-labelled microtubules were attached to the surface 
of a flow chamber that had been incubated with 2 mg/ml BSA-biotin (Sigma-Aldrich 
Co., St. Louis, MO, USA) and 1 mg/ml streptavidin in BRB80+ buffer with 20 μM 
paclitaxel. 160 nM carboxylated Qdots525 (Invitrogen, Carlsbad, USA) were mixed 
with 800 nM with kinesin in BRB80+, 1 mM ATP and 1 mg/ml casein. The solution 
was stored on ice for at least 5 minutes. After washing the flow chamber with 1 mg/ml 
BSA in BRB80+ motility mix (1 µl quantum dots coated with kinesins, 2 mM ATP, 
oxygen scavenger (see above), 0.2 mg/ml casein, 1 mM DTT in BRB80+) was 
flushed in. The gliding activity was observed in an Olympus IX71 TIRF microscope 
with an excitation wavelength of 488 nm and a Hamamatsu C-9100 front-illuminated 
CCD camera. The optical resolution was 160 nm per 2x2-binned pixel, the integration 
time 200 ms. 
To determine the number of binding-competent quantum dots in the flow chamber, 
5 µl of 100 mM AMP-PNP was added to the edge of the flow chamber after recording 
of three movie sequences in the presence of 2 mM ATP. When all quantum dots were 
static (approximately 3 min) images were recorded. The number of quantum dots per 
microtubule length was counted, and compared to the number of moving quantum 
dots per time and microtubule length in the presence of ATP. Relative values were 
calculated by setting wildtype to 100 %. All measurements were confirmed by a 
second independent protein preparation. 
5.5.6 Data analysis 
Movies taken from the quantum dot assay were analysed with ImageJ. The ‘Brightest 
Point Projection’ command showed moving quantum dots as a line, which were then 
converted to time-space plots (kymograms). From these kymograms velocities were 
calculated in areas of constant velocity. In parallel, the number of events was 
counted. The length of microtubules and number of attached quantum dots after 
AMP-PNP addition was also analysed in ImageJ. For statistical analysis SigmaPlot 
2000 and Sigma Stat 3.1 Software (Systat, Point Richmont, CA, USA) was used. 
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Summary 
This thesis deals with the mechanism of various kinesin motor proteins. Kinesin 
converts chemical energy into mechanical energy. Precisely, the molecular motor 
hydrolyses ATP and uses the energy to step along microtubules. One amazing 
property of some kinesins, called processive motors, is that they can step on 
microtubules for several encounters without detaching. This property can only be 
maintained if the two heads are highly coordinated. Chapter 2 addresses the question 
where the structural determinants are to enable processive movement. Chapter 3 
further investigates the structural basis of stepping and analyses which elements of 
the motor ensure precise coordination of both motor domains in processive kinesins. 
Chapter 4 aims to resolve ATP-binding times at single kinesin heads using 
fluorescent ATP analogues in a microscopic assay. This data will yield new insight 
into the coordination of the two motor domains of processive Kinesin-1 motors. 
Chapter 5 applies molecular techniques to understand degeneration of neurons 
caused by defective kinesins in patients suffering from a hereditary form of spastic 
paraplegia. Here, the coordination of the two heads is disturbed in most cases. 
The results of each chapter can be summarised as follows: 
Chapter 2: To find out which parts of kinesin are required for coupling of kinesin’s two 
motor heads, chimaeras with swapped domains of the processive Neurospora crassa 
kinesin (NcKin) and its non-processive counterpart NcKin3 were tested for their motile 
properties. The chimaera with the NcKin motor domain and the NcKin3 neck/stalk 
portion moved processively along microtubules although with a significantly 
decreased average runlength, suggesting a perturbing effect of the non-processive 
neck. The reverse chimaera containing motor domains of the non-processive kinesin 
NcKin3 was unable to perform processive movement, despite presence of the 
Summary 
 
- 86 - 
Kinesin-1 neck coiled-coil. These observations suggest that determinants of 
processivity are in the motor core and that this processive movement is enhanced by 
the neck. 
Chapter 3: It is thought that stepping of kinesin is initiated by a conformational 
change of a part termed neck-linker, which docks onto the core motor domain upon 
ATP binding. The exact effect of this neck-linker docking on the subsequent 
microtubule binding is unknown. To address this question we introduced reversible 
disulfides bridges (crosslinkable cysteines) to simulate the docked neck-linker 
conformation. The motility of Kinesin-1 motors with a docked neck-linker was severely 
affected. Furthermore, crosslinking led to a much lower microtubule affinity. Based on 
our experiments we suggest that neck-linker docking alters microtubule affinity of the 
individual heads during the chemo-mechanical cycle, which may help the rear head 
detaching when the front head has taken a step. 
Chapter 4: Although it is now generally accepted that kinesin moves along 
microtubules in a stepwise hand-over-hand fashion, the coupling of stepping and 
ADP-release from the rear head is still controversial. To clarify this issue, we 
established a novel single-molecule method to observe FRET between fluorescently 
labelled human ubiquitous kinesin and ATP. This setup allowed observing single ATP 
binding events directly while human kinesin was stepping along the microtubule. In 
motility assays these labelled kinesins moved at wild type velocity and reached 
normal run lengths, indicating normal kinetic behaviour. Single ATP turnovers were 
measured in a confocal microscope setup with a sub-millisecond time-resolution. 
Here, the confocal spot was focussed on a microtubule along which moving donor-
labelled kinesins were visible as bell-shaped fluorescence time traces. FRET could be 
observed in acceptor and donor channel with low fluorescent ATP concentrations. To 
achieve a higher ATP concentration, we added non-fluorescent ATP and measured 
ATP binding times, and compared it with the duration of a single step. We found that 
one ATP is bound longer then the step of one head endures, indicating an overlap of 
the nucleotide binding times of the two heads.  
Chapter 5: Hereditary spastic paraplegia (HSP) is a neurodegenerative disease 
caused by motoneuron degeneration. We investigated the motility of KIF5A and four 
HSP mutants. All mutations were single amino-acid exchanges and located in 
kinesin’s motor or neck-domain. Three of these mutations either reduced microtubule 
affinity, or gliding velocity, or both. In laser-trapping assays, none of the mutants 
moved more than a few steps along microtubules. Motility assays with mixtures of 
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homodimeric wildtype, homodimeric mutant, and heterodimeric wildtype/mutant 
motors revealed that only one mutant reduced gliding velocity at ratios as present in 
heterozygous patients. Attached to quantum dots as artificial cargo, mixtures 
simulating the situation in patients showed that mutant kinesins led to populations of 
quantum dots that either do not bind to microtubules, or lag behind in transport. 
These observations suggest that HSP develops in SPG10 patients due to less 
frequent and slower axonal transport events, leading to deficient supply of the 
synapse. 
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